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ABSTRACT OF THE DISSERTATION

Facilitating Work With Photons Via Photomechanical Crystals and Multi-Exciton
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by

Adam Berges

Doctorate of Philosophy, Graduate Program in Chemistry
University of California, Riverside, September 2022
Dr. Christopher J. Bardeen, Chairperson

Every year, the amount of solar energy reaching the Earth’s surface is approximately
3.4 x 10%* J — nearly 10,000 times the global energy demand. Converting the abundance
of solar energy into meaningful work remains a modern challenge in global sustainability.
This dissertation focuses on materials that convert photons into two types of work:
electrical and (photo)mechanical.

Photovoltaics used in solar cells rely on the generation of excitons from incident light
and the band of acceptable wavelengths is dependent on the photovoltaic — typically
silicon. Photons with energies that are too large or small to be accepted by silicon’s
bandgap are either wasted as heat or transmitted/reflected entirely. Performance can be
improved by converting the energy of these photons downward (singlet-fission) or upward
(triplet-triplet annihilation) towards silicon’s bandgap. Both singlet-fission (SF) and triplet-
triplet annihilation (TTA) are spin-allowed, multi-exciton processes that have been

extensively studied for the past 60 years, and yet relatively little is known about the
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correlated triplet pair intermediate. To discover whether a charge-transfer (CT) or excimer
state is an intermediate in TTA, solutions of pyrene sensitized with tris-(2-phenyl pyridine)
iridium (I11) are analyzed. Direct formation of excimers by the annihilating pyrene triplets
was not observed, suggesting that TTA only forms a single excited pyrene and there is not
a CT intermediate. Analogously, solid SF materials such as anthradithiophene and
tetracene are blended with [6]-phenacene, whose large bandgap functions as an inert spacer
for local exciton generation. Investigation of the red-shifted luminescence following
singlet-fission reveals that excimer formation is a parallel pathway to SF, reinforcing the
previous discovery that excimers are not formed directly in either SF or TTA.
Photomechanical materials offer the potential to convert the energy of photons into
expansion type work through volume changes generated by photoswitching molecules.
There is presently no theoretical framework that establishes an upper limit on the efficiency
of photomechanical systems in a manner similar to the Shockley-Quiesser limit for silicon
photovoltaics. Using a 1-D harmonic oscillator to model a simple photomechanical cycle,
this dissertation defines a maximum absorbed photon-to-work efficiency of 55.4%.
Although this model neglects non-idealities of real systems, at 1.5 times the Shockley-
Quiesser limit photomechanical materials have the potential to deliver a significant amount
of work. Additional progress towards realizing this goal with photomechanical actuators is
made through the optimization and characterization of porous alumina templates filled with
9-methylanthracene (9MA) nanocrystals. Demonstrating nearly complete conversion of
the photoactive material through 9MA’s negative photochromism, these templates bend

and deform. This motion is tracked using a Michelson interferometer, revealing the type of

viii



actuation in the template. Surface functionalization has a negligible impact on template
loading but optimizing the solvent annealing conditions more than doubles the net loading.
Reversible, linear actuation via photomechanical materials has yet to be realized, but

advances made in this dissertation provide the basis for achieving this goal.
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Figure 2.7 Diagram of the Michelson interferometer and beam-deflection experimental
set-up. To allow reaction of the template without slippage of the mirror, the sample is

irradiated from beneath the stage through the optical flat. The recombined 632 nm beam

Figure 2.8 Cartoon of the Michelson interferometer at the sample beam path. When the
template deforms and tilts the mirror, the angular displacement (Aa) and optical beam
path difference (AL) can be coupled geometrically. This causes the sample beam path to
tilt in the yz-plane, giving rise to the Ex(x’,y’,2") field.........ccocvvniiiiniiiiin s 46
Figure 2.9 Cartoon of the apparatus used to measure the skeletal density of the AAO
templates. Individual templates are supported in a mesh weigh boat and first measured in
air, then completely submerged in the auxiliary liQuid............ccccovveiiiieiicniecie e, 49
Figure 2.10 (A-b) Contact angle measurements of a 50 pL water droplet on a LA-
functionalized AAO surface. Samples demonstrate superhydrophobic surfaces with
contact angles > 130°. The untreated AAO templates are sufficiently hydrophilic to form
contact angles below the limit of detection of the instrumentation. Side by side qualitative
comparisons are captured in (c) using 100 pL of water added to each surface via
MIECTOPIPELLE. L.ttt e st e et et e e be et e saaesteeseeenaesteenaesneears 50
Figure 2.11 Flowchart describing the brute-force algorithm for determining the stopping
force of a photomechanical molecular system where V = 0. .......ccoevvviiiniinicnieiees 54
Figure 3.1 Photophysical processes and reaction scheme for a) sensitized upconversion
and b) directly excited solutions in the absence of sensitizer. X and X correspond to

singlet and triplet excited states generated by the excitation wavelength A...................... 58
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Figure 3.2 Steady state spectra of pyrene (blue) and Ir(ppy)s (red). a) Molar extinction
data for pyrene and Ir(ppy)3, with the 460 nm laser excitation source in purple and b)
fluorescent emission for = 10-3 M solution of pyrene and 10-5 M solution of Ir(ppy)3 in
THE . ettt R b et E et R bt R et bttt e n e Rt 59
Figure 3.3 Decomposition of the steady state fluorescent spectrum for concentrated
pyrene in THF solution. Each of the thirteen peaks are plotted beneath the experimental
data (black) and the corresponding fit (red, dashed)...........ccccceviiieiiiii i, 60
Figure 3.4 Fitting of the fluorescent spectra for several solutions of pyrene in THF. At
the lowest concentration (a), the weight of the excimer component is effectively zero and
increases in the more concentrated (b,c) samples. Areas of the monomer (blue) and
excimer (green) components are overlaid on top of the experimental data (black), in
addition to the overall fit (red, dashed). .........ccccooieiieiiiicce e 62
Figure 3.5 Sensitized up-conversion spectra for ~ 3 mM pyrene sensitized with = 50 uM
Ir(ppy)z. (A) The streak camera image of the time-resolved photoluminescent spectra in a
1 ms window. The remainder of the time window is integrated to produce the 2D
fluorescent spectrum in (b) and is normalized to highest intensity in the upconverted
spectrum. The overlaid fit is used to determine the relative areas of the monomer and
EXCIMETr POPUIALION. ......viiiiiiie ettt e ree s 63
Figure 3.6 Steady state (a,b) and upconverted (c,d) fluorescent spectra for solutions of
pyrene in THF. There is significant enhancement in the excimer signal after TTA in
concentrated (>107 M) solutions, with a minor effect in lower concentration (<10 M).

Due to the spectral resolution of the instrument, the upconverted spectra terminate at =
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545 nm. For the sensitized solutions, = 50 uM Ir(ppy)s is used to generate the triplet

00 00 F= U1 o] o PSS 65
Figure 3.7 Time-resolved photoluminescent decays for the direct excitation of de-aerated
pyrene solutions in THF. The self-quenching evident in the monomer spectrum (a) results
in the formation of the excimer and the slope accompanying Stern-Volmer type plot (b)
reveals the rate of excimer formation Korm. .......ccoeoveirereiiniieeeeeee e 66
Figure 3.8 Plots of the E/M integrated area ratios for the upconverted spectra in a)
methylene chloride, b) ortho-dichlorobenzene, and c) tetrahydrofuran. In all three cases,
the slope for the upconverted solutions is increased by ~ 2, with no obvious effect in
increased viscosity. In each upconversion series, the concentration of pyrene is within 10
5.3.5x10° M with a sensitizer concentration of = 40-50 M. .......coccevrvereeirircseeiens 68
Figure 4.1 (a) Chemical structure of the investigated molecules. For ADT, the two
isomers present in our samples are shown, see Supporting Information for details. (b)
Out-of-plane lattice spacing and (c,d) in-plane unit cell parameters (c) a and (d) b,
determined by X-ray diffraction. The faded data points indicate the unit cell parameters
determined for the second polymorph of ADT or TET. Note that the in-plane unit cell
parameters do not differ significantly between the two polymorphs of TET.................... 80
Figure 4.2 GIWAXS maps of ADT:6PH blends with 0 % (a), 5 % (b), 25 % (c), 50 %
(d), 75 % (e) and 100 % (f) ADT. The circles (crosses) denote calculated Bragg-peak
positions for anti-ADT and syn-ADT (6PH) based on literature values. In the neat films

only the respective POSItIONS Are GIVEN. ....ccviiiuiiiie et 83
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Figure 4.3 GIWAXS maps of ADT:TET blends with 0 % (a), 5 % (b), 25 % (c), 50 %

Figure 4.4 (a,b) XRR scans and (c,d) grazing incidence X-ray diffraction (GID) scans
extracted by integrating the GIWAXS data in Figure 4.2 and 4.3 over g in a range of 0.1
—0.3 A of ADT:6PH (a,c) and ADT:TET (b,d) blends. Data are offset for clarity...... 84
Figure 4.5 Absorption spectra of the neat films (a), ADT:6PH blends (b) and ADT:TET
0] [T 00 S (o SO OSRTSP 86
Figure 4.6 (a,b) Quasi-steady-state PL spectra of ADT:6PH (a) and ADT:TET blends (b)
with different mixing ratios. The photon energy of the excitation was 2.54 eV. (c,d)
Energetic shift of the RSL, the RSL at late times and the exciton peak position in
ADT:6PH (c) and ADT:TET (d) blends compared to the respective positions for neat
ADT. The red and blue lines are guide to the eye for the peak shift of the exciton (blue)
and the RSL (red), respectively. (e) Energetic shift of the RSL against the shift of the free
exciton emission for ADT:6PH and ADT:TET. .....ccociiiiiiniieineeeseee s 87
Figure 4.7 Time traces of the PL intensity decay for ADT:TET blends of different
MIXING FALIOS. ...viivviitieie ettt ettt e e ste et e s te e teesbesaeestaeseeeraesteenaesneenrs 91
Figure 4.8 Time traces of the PL intensity decays of the exciton and the RSL for
ADT:6PH blends of different mixing ratios. The dip in the data at half the time range of
each respective measurement is an artifact of the setup. .......cccccoevveiiiiii i 91
Figure 4.9 (a) Time traces of the singlet exciton emission of ADT in CHCI3 solution and
in a neat ADT film. (b,c) Time traces of the free exciton emission in (b) ADT:TET and

(c) ADT:6PH blends with different ADT concentrations, (d) time traces of the RSL in
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ADT:6PH blends with different ADT concentrations. ADT concentrations of the blends
are given in molar % in the legend. The intensity is scaled logarithmically. ................... 93
Figure 4.10 (a,b) Evolution of the SF rate and RSL decay rate of ADT:6PH (a) and
ADT:TET (b) blends. For SF based on incoherent population transfer a linear behavior
with changing ADT concentration is expected according to the replacement effect (r.e.)
as sketched in the graphs. Note that the decay rate for 5% ADT in (a) might be dominated
by the decay of excitons on isolated ADT molecules and that the decay rate for 100%
ADT in (a,b) is close to the instrument resolution, which is 10 ps. (c,d) Time-integrated
PL spectra of ADT:6PH blends in the time range (c) 0 to 2 ns and (d) >4 ns (100%, 75%
ADT), >8 ns (50% ADT), >40 ns (25%, 5% ADT). Excitation at 400 nm, data noise
filtered and vertically offset for clarity. (e,f) Sketches of possible decay mechanisms.... 95
Figure 4.11 (a) Emission spectrum of a neat ADT thin film and an ADT single crystal.
The single crystal spectrum has been performed with a LabRam HR 800 spectrometer
(HORIBA Jobin Yvon, France) as well as a frequency-doubled Nd:YAG laser for 532 nm
excitation wavelength. The crystal was kept under vacuum during the measurement. (b)
PL quasisteady-state spectrum of ADT in solution. The peak at 2.7 eV is a scattering
peak and hence not related to electronic transitions, the peak at 2.5 eV is assigned to the
exciton and the peak at 2.3 eV to its vibronic progression. ..........ccccevvveveiieeiieece e 99
Figure 5.1 (a) Two uncoupled diabatic harmonic surfaces, centered at = Xo, with energy
offset A, that serve as the starting point for the calculations. (b) Adiabatic A+ energy

surfaces created by electronic coupling term V, along with the relevant energy gaps... 109
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Figure 5.2 (a) As the force acting against photoisomerization increases, both the ground
state (A-) and excited state (A+) energy minima shift to the left. Eventually the barrier
between the ground state minima vanishes (b) The shifts in the optical gaps (AE) as a
function of applied force A. For these calculations, xo = 11, ka=kp = 1, Astop = 11. .... 111
Figure 5.3 The dependence of the ground state activation energy AEb—ajas the applied
force A is increased for different values of the electronic coupling V. For these
calculations, ka = kp = 1, Xo = -5, and A = 0. Inset: Illustration of the ground state PES
(red) SNOWING AED 87 .oviiviiiiiieieiee et e 113
Figure 5.4 The photomechanical efficiency nab plotted as a function of applied force A
and different A energy offsets. These calculations were done with Xo = 11, ka=kp = 1,
and V = 0. For these parameters, the maximum efficiency occurs at Astop........c.cerverueen 115
Figure 5.5 The forward reaction work efficiency plotted as a function of applied force for
the system xo = 11, ka = 2.315, kp = 1, and V = 0. With sufficiently negative A, the one-
way efficiency exceeds 100%, releasing the “stored energy” captured in the metastable
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Figure 5.6 The photomechanical efficiency nstop plotted as a function of ka/ky for
different values of A. When A > 0, smaller ratios of ka/kn become inaccessible (and thus
= 0) as only one stable minimum exists along under the absence of applied force........ 117
Figure 5.7 (a) Ilustration of how changes in ka/ky lead to different AEab energy gaps.
Both the energy cost and work output decrease as the ka/ky ratio increases, but at different
rates, leading to the maximum in the efficiency seen in Figure 5. (b) Plots of the

available work (black) and photon cost AEas» (red) as Ka/ks increases for xo = 11, V =0,
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and A = 0. The photon cost asymptotically approaches 250 a.u. as ka/kp increases, while
the work continues to decrease and reduces the one-way efficiency at higher ratios of
ka/Ko. The maximum efficiency occurs in the dashed region (ka/kp = 2.315) where the
photon cost has decreased more rapidly than the work output. ...........ccceevveveiieieenns 119
Figure 5.8 The photomechanical efficiency mstop IS plotted as a function of the electronic
coupling V for various A values. For these calculations, xo = 5 and ka = kp = 1. Note that
larger V couplings and A values result in smaller Astop and thus nstop Values as the ground
State DAITIEr GECIEASES. ....veevieeie ettt e e nes 120
Figure 6.1 Schematic representation of the two possible methods of actuation in the
organic-template system, (a) partial reaction of the crystal causing a change in curvature
of the template and (b) full reaction of the crystal causing extension of organic nanorods
through the surface of the template. ... 132
Figure 6.2 The [4 + 4] cycloaddition reaction that generates the 9MA photodimer after
exposure to UV light. The reaction can be reversed by application of heat, but since IMA
sublimes readily at elevated temperatures it can be considered irreversible under ambient
(070 1o 11 0] TSRS 134
Figure 6.3 Measurements of the net mass of 9IMA embedded in the AAO template after
annealing and polishing. From left to right: light blue from using Method 1 (excess
solvent) in a bare template, light red from using Method 1 with a lauric acid (LA)
covered template, dark blue from using Method 2 (no excess solvent) in a bare template,

and dark red from using Method 2 in an LA covered template. Surface functionalization
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of the AAO template had a negligible impact compared to the solvent annealing process.

Figure 6.4 Comparison of the effect of surface functionalization on the AAO templates
using the excess solvent method. Compared to the bare template, functionalizing the
surface with lauric acid (LA) or 3-phenyl propanoic acid (3PPA) had a negligible effect
outside of the Margin Of €ITOr. .........coviii s 137
Figure 6.5 The GIWAXS pattern and accompanying face indexation fora3 mm x 1 mm
sample cut from a 9MA-filled template. The film plane direction is indicated by the white
line near the origin. The FHWM of the scattering is 3.7° in the azithumal direction,
indicating that the sample is highly oriented along the film normal and thus inside the
POTE XIS, 1.vvevteteesteeeeeeteete et e s teeste e st e s te e teessesseeseeseeese e beestesseesteeneeaseeteeneeaneenreenneeneenreeneeas 138
Figure 6.6 Optical microscope images of a 9MA nanorod suspended in aqueous solution
(a) before, (b) during, and (c) after exposure to UV light. The nanorod extends roughly
7% AloNG IS IONQ AXIS. vvevviiveeitiecie ettt saeenas 139
Figure 6.7 The percentage of the template that has been reacted when exposed to
different durations of the UV source. In the first series, the beam spot size was approx. 96
mm? with a power density of = 18 uW/mm?. In the second series, the beam was expanded
with a diffuser to complete cover the template at the sample stage with a power density of
R 19,5 W/, ...ttt st san s 140
Figure 6.8 (a) Schematic of the interferometer set-up used to measure the photoinduced
motion of the template. (b) Time-dependent photodiode signal from probe beams

reflecting both interference and misalignment of probe beam due to angular tilt of the
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mirror during 405 nm irradiation. Complete misalignment causes a loss of signal that
trends towards ~50% of the maximum intensity. The insets capture the (c) initial and (d)

final positions of the probe beam 4.9 m away from the sample due to the misalignment.

Figure 6.9 Simulated interferograms generated using eqn. 6.2 with the parameters listed
in the figures. Patterns caused by changes in either (a) the angular error or (b) the optical
path difference do not agree with the data in Figure 5. Only when (c) both parameters
change is an interferogram that is comparable to that in Figure 5 obtained. AL and Aa are
as described in the main text and D is the diameter of the AAO template. .................... 143
Figure 6.10 Example interferograms collected from three different templates filled with
9MA. The dominant behavior of each interferogram is the angular off-set building during
the exposure duration, leading to the damping of the fringe heights. This angular error
appears to vary significantly from sample to sample..........c.ccccooiiiiiiiicicc 144
Figure 6.11 (a) SEM image of the pristine AAO surface in the absence of 9MA and
polishing. (b) At low magnification, SEM image of the polished surface of a 9IMA-filled
template. (c) High magnification SEM image of the polished surface of a 9IMA-filled
template, showing surface debris that covers the channels and has been smoothed by
(0101 T ES] 01 1T TSP P PRSPPI 146
Figure 6.12 Atomic force microscope scan of a 9MA-filled template irradiated in-situ
with a diffuse 405 nm laser. (a) before the 9MA was photo-dimerized and (b) after 15
min of exposure to 405 nm. There are slight changes in individual features but no obvious

protrusions of nanowires from the SUMTACE. .........c.cive i 146
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Chapter 1.  Introduction

Photons provided humanity the tools to develop key technologies for information,
communication, and energy for several millennia®. Beginning nearly 4,000 years ago with
the Taosi gnomon?, early human civilization recognized the utility of sunlight and from it
established a standard for time, navigation, and even city planning. South facing homes
became an architectural strategy for heating homes during the winter when access to fuel
and energy was limited and marked the beginning of the human effort to harness solar
energy. With the advent of Euclid’s Optics® in Ancient Greece, implementing glass and
lenses allowed one to focus sunlight to generate heat locally on an object. This led to the
famous example of the Heliocaminus baths in Hadrian’s villa, where photothermal energy
was harnessed to heat the baths. As science and civilization progressed, light and photons
became an indispensable tool in how we understood the world around us and how we
survived environmental challenges through agricultural and technological development.
Today, in the midst of the energy crisis, we are faced by the same fundamental human
challenge: how do we convert sunlight into meaningful work?

As we continue to face the challenges posed by climate change and attain the 1.5-2 °C
annual warming target set by the Paris Agreement®, a suitable solution for global energy
demands is paramount. According to International Energy Agency, 4.18x102 terajoules
(TJ) of energy were consumed globally in 2019 and is expected to reach 4.52x10% TJ by
the end of 2022°. However, 3.4x10%? TJ of solar energy reaches the earth every year with
an average density of 170 watts per square meter (W/m?)8. If just 0.014% of this energy
could be stored as electrical, chemical, or mechanical potential energy then our global
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energy demands could be sufficiently and sustainably met with solar energy alone. With
residential solar panels currently at a maximum efficiency of 22.8%’ one might expect the
energy crisis to be already solved, but significant challenges in energy storage and
logistics® have yet to be remedied. To date, there are 4 major methods for storing the
potential energy of light: chemical potential (e.g. food and agriculture), electrical potential
(e.g. photovoltaics), heat (e.g. photothermal), and mechanical potential (e.g. photoswitches
and photomechanical materials). This work focuses primarily on storing energy as
electrical and mechanical potential and presents multiple advances to these methods.
While advances in electrical energy storage and distribution develop, improvements in
photovoltaic module efficiency can supplement the immediate energy demand as increased
efficiencies drive the cost of solar energy downward. One avenue for improving the
efficiency is by using multi-exciton materials, which use processes such as singlet fission
(photon down-conversion) and triplet-triplet annihilation (photon upconversion)®. These
multi-exciton materials offer a method to convert photons whose energy is usually lost as
heat into a useful energy range for generating photocurrent to perform electrical work. If
considering a Si-based photovoltaic, then the solar response can be increased by 32% and
35% using photon down-conversion and upconversion respectively. In chapter 3, an
investigation into the mechanism of triplet-triplet annihilation with fluorescent probes will
shed light on the intermediate of this photophysical process. If triplet-triplet annihilation is
proceeding through a charge transfer intermediate, then designing molecules and local

environments to stabilize the intermediate will positively impact the rate of photon



upconversion, potentially increasing the performance of the multi-exciton materials when
they are incorporated into solar cells.

Alternatively, the solar energy could be converted directly into mechanical work
without relying on photovoltaic effects. Using photons to drive molecular machines®,
photomechanical materials offer a method to convert light directly into mechanical work.
However, significant improvements to work efficiency and scalability must be addressed
before this class of materials can supplement any meaningful energy demand or translate
to practical devices. Nevertheless, photomechanical materials hold many promising
applications in remote actuation and performing macroscopic work'**3, Compared to solar
cells, which have a maximum theoretical efficiency of 33.7%** for Si single junction
modules, the maximum efficiency for molecular photomechanical system is still unknown.
The construction of a one-dimensional harmonic oscillator model for calculating these
limits of work efficiency of photomechanical molecules will be the main focus of chapter
5.

This chapter will introduce key topics and mechanisms for the two overarching topics
of this dissertation: the photophysics of photon upconversion and the relationship between
mechanochemistry and organic photomechanical materials.

1.1 Photophysical Topics and Mechanisms

Both topics of this work explore a combination of basic and advanced photophysical
processes as the relevant systems are studied. In this section, excitons, relaxation dynamics,
excimers, spin-orbit coupling, energy transfer, sensitization, photon down-conversion, and

photon upconversion will be discussed in general detail. Experimental methods and



specifications are addressed in chapter 2 and further conceptual details are included in the

corresponding chapters of the work.

1.1.1 Excitons
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Figure 1.1 Cartoon representations of the Frenkel and Wannier-Mott Exciton in an
arbitrary solid.

When an electron receives sufficient stimulus in a solid crystal, it is excited into a
higher unoccupied orbital, leaving behind a hole. This excited electron still feels the
Coulombic attraction to the positively charged hole that it has left behind but is repelled by
the electrons surrounding it. Due to this repulsion, the electron does not immediately
recombine with its hole and can instead defuse to nearby atoms in a manner that does not
exchange any net charge. The delocalization of this excited electron-hole pair behaves
similarly to sound waves that carry heat and motion throughout a crystal lattice. Thus the
quanta of this delocalized excitation is dubbed an exciton®®.

The exciton has two distinct flavors based on the strength of the Coulombic attraction
between the electron and the hole. In a low dielectric environment, there is less overall

screening of the Coulombic forces between the electron and hole, resulting in a stronger



overall attraction. This binds the exciton tightly, limiting the separation of the electron-
hole pair to distances typically on the same order of the unit cell when in a crystal, or within
the same molecule for a molecular system. As a result, the effective radius of the exciton
is small. This flavor is known as the Frenkel exciton (Figure 1.1, left)*® and is the common
exciton in molecular solids and solutions. When in an environment with large dielectric
screening, the Coulombic interaction is weak, and the exciton has more freedom to diffuse
throughout the material. This results in an exciton with a large effective radius, called the
Wannier-Mott exciton (Figure 1.1, right) ¢, which is common in inorganic
semiconductors. The generation of excitons and their eventual recombination are of
fundamental significance to fluorescence, photophysics, and photocurrent generation.
1.1.2 Excimers

First used to described excitons generated in gaseous singlet excited states'’, excited
dimers (excimers) described the delocalization of an exciton across two adjacent atoms or
molecules. In a molecular system, the diffusion of this exciton across the two molecules
creates a stabilizing association of the molecules that shifts the excited state downward in
energy relative to the original monomeric exciton. When the excimer relaxes (radiatively
or non-radiatively), it becomes dissociative and returns to the singlet ground state pair if
not sterically hindered!’. Excimers are not isolated to the vapor phase and commonly
dominate the fluorescent spectra of concentrated solutions or solid crystals of polyaromatic
hydrocarbons such as anthracene and pyrene. The formation of these excimers involves a
strong dipole-dipole coupling and/or mixing with a charge-transfer state to enable to the

delocalization of the exciton across the two adjacent molecules. As a consequence, they



require short intermolecular distances, on the order of 3-5 A in pyrene*®. In the solid, pyrene
maximizes its - interactions between adjacent molecules, adopting the slip-stack crystal
packing. This promotes rapid excimer formation in the solid state and can lead to a
fluorescence spectrum that is entirely excimer in a pure single crystal*®. The kinetics of
these excimers indicate that their formation is a diffusion limited process in solution but
can outcompete the singlet radiative lifetime by several orders of magnitude. This makes
excimer formation a useful tool for determining the distance between monomer
constituents, as the excimer intensity is proportional to the local concentration of the
monomer.

In chapter 3, pyrene’s excimer formation will play a pivotal role in understanding the
intermediate of triplet-triplet annihilation in the solution and in chapter 4 will be considered
a competing pathway for the investigated singlet-fission materials. Both the monomer and
the excimer excitons have several available pathways for relaxation, which will be

discussed in the next section.



1.1.3 The Jablonksi Diagram

] Internal
. conversion
> c (I€)
(e)) o
i e — Intersystem
2 o crossing |
T S, & (ISC)
< 1 I
Fluorescence Phosphorescence
- —
X'

Figure 1.2 Jablonski Diagram for a typical photophysical system. Radiative (fluorescence
and phosphorescence) and nonradiative (internal conversion, intersystem crossing)
relaxation processes compete after the exciton (bound electron-hole pair) is generated.
The photophysics of organic molecules can be described by the simplified Jablonski
diagram pictured above in Figure 1.2%°. After the absorption of an incident photon with
wavelength Aexc, an electron is rapidly (1-10 fs) promoted from the highest occupied
molecular orbital (HOMO) into some higher energy, unoccupied molecular orbital. For a
typical organic molecule, the electron configuration of the HOMO is in the singlet state,

hereafter referred to as So. Obeying the conservation of spin, the electron that is promoted

is excited into some higher lying molecular orbital in a singlet excited state Sn. The electron



then rapidly undergoes internal conversion (IC), relaxing in accordance with the Franck-
Condon principle?" 22 on the 10 fs — 10 ps timescale and relaxes down to a lower lying
electronic excited state. Within this excited state, the electron can vibrationally relax on an
equally fast 10 fs — 10 ps time scale. The electron typically relaxes non-radiatively until it
reaches the lowest lying electric excited state (i.e. the lowest unoccupied molecular orbital,
LUMO), where it can then emit a photon and relax radiatively (fluorescence, usually 1 ps
— 100 ns). Otherwise, it can continue to relax non-radiatively through IC by continuing to
follow the Franck-Condon principle. If there is sufficient overlap in the triplet and singlet
excited state vibrational energy levels, the electron can intersystem cross (ISC) and change
its spin. This typically occurs on the 10 ns — 1 ms time scale and is outcompeted by other
non-radiative and radiative relaxation pathways. The electron now in the triplet excited
state can also vibrationally relax down to its lowest excited state before it relaxes non-
radiatively through another intersystem crossing or emitting a photon (phosphorescence,
100 ps — 100 ms).

The atom or molecule in the excited state can also relax via collisional quenching??.
Since this relaxation is dependent on collisions with nearby molecules, the excited atom or
molecule can be quenched by either the same species or the solvent when within solution.
This rapid relaxation can out compete fluorescence but can be attenuated by reducing

collisions by either cooling down the solution or increasing the viscosity of the solvent.



1.1.4 Spin-Orbit Coupling and the Heavy Atom Effect
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Figure 1.3 A qualitative representation and Jablonski diagram depicting the vibrational
wavefunction overlap between the singlet (Sn) and triplet (T,) excited states. Intersystem
crossing (dashed) occurs when the excited electron enters the triplet (or singlet) manifold
through this overlap. Afterwards, typical relaxation processes (solid) take place.

Since intersystem crossing is a spin-forbidden process that relies on the overlap of
vibrational levels in the singlet and triplet manifolds, it is often thought to be a minor
occurrence unless the electron has a significantly large spin-orbit coupling (SOC) term.
This coupling of the spin and angular momentum of the electrons allows the spin to change
direction under a sufficiently strong electric field generated by the nucleus of the atom and
scales quartically with nuclear charge for a heavy atom?. Thus, larger nuclei exhibit
stronger SOC and experience faster rates of ISC and larger quantum vyields for triplet
generation. A key component of triplet-sensitization relies on exploiting molecules with

large SOC to efficiently generate triplets to inject into acceptor. The figure above describes

the typical ISC mechanism for an atom or molecule where SOC has enabled significant
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overlap of the vibrational energy levels (Figure 1.3, left) of the singlet and triplet manifold,
resulting in ISC.

1.1.5 Triplet Sensitization and Energy Transfer
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Figure 1.4 Schematic representation for Dexter energy transfer (DET, left) and Forster
resonance energy transfer (FRET, right) mechanisms. Since the electrons must be
exchanged in the former case, coupling to a charge transfer state and small intermolecular
distances (R) must occur. Although FRET can occur at longer distances, its rate is
proportional to R and provides spatial information when applied for fluorescent labelling.

Since the Sp — T transition is formally forbidden, its oscillator strength is essentially
zero for organic molecules that lack heavy nuclei (e.g. S, Cl, Br, etc.) preventing direct
promotion to the triplet state and decreasing the probability of wavefunction overlap and
consequentially 1ISC. For molecules with large SOC terms, the oscillator strength for this
transition increases and thus so do rates for ISC. To generate a sufficient triplet population
in an ordinary organic molecule suitable for applications in photon upconversion a triplet
sensitizer is often necessary?*?’. Metal-organic triplet sensitizers take advantage of both
the heavy atom effect as well as the EI-Sayed?® rule to generate a large SOC and a quickly

populated triplet manifold. Triplet sensitization can proceed if the triplet energy of the

donor is equal to or greater than the acceptor. The triplet population in the sensitizer can
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then be injected into the emitting molecule (acceptor) through a Dexter-type energy
transfer mechanism.

Unlike Forster resonance energy transfer (FRET) which occurs via dipole-dipole
coupling for spin-allowed transitions?®, Dexter*® energy transfer (DET) requires significant
wavefunction overlap and thus very small (= 1 nm) intermolecular distances between the
sensitizer and emitter. This allows the triplet sensitizer to inject an electron into the LUMO

of the acceptor, which then returns an electron to the HOMO of the sensitizer (Figure 1.4,

2 2R
left). The rate of this energy transfer mechanism is proportional to Jx % xe'L where J is

the spectral overlap integral, L is the sum of the VVan der Waals radii, h is Planck’s constant,
K is an empirical constant in units of energy, and R is the intermolecular distance of the
donor and acceptor molecule®. For an identical system capable of both mechanisms and a
distance of R = 10 nm, the rate of FRET will be roughly 10° faster than DET, but is only
10 times faster when R = 1 nm. At a sufficiently high ratio of accepter to donor, the triplet
energy of the sensitizer can outcompete other relaxation pathways available to the
sensitizer’s triplet excited state. For efficient generation of up-converted photons, it is
crucial to have a sufficient sensitizer concentration to facilitate the energy transfer without
losing too much of the population to parasitic pathways (e.g. phosphorescence, IC, etc.)
Since triplet sensitization uses DET to facilitate the energy transfer, solutions that are
too viscous and limit the diffusion of the acceptor and donor molecules can hinder the
process. Care should be taken when choosing a solvent for an acceptor/donor system that

satisfies the above criteria, as highly viscous solvents may result in a significant amount of
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the triplet population lost as phosphorescence as rates of collisional quenching and energy
transfer are diminished.

1.1.6 Photon Upconversion and Down-conversion
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Figure 1.5 Jablonski diagrams for (a) the singlet fission and (b) the triplet-triplet
annihilation processes in anthracene. The delayed fluorescence observed in anthracene
arises from the generation of the correlated triplet pair resultant from singlet fission. This
geminate pair later dissociates, after which these independent triplets can later meet and
annihilate, reforming the singlet excited state that later emits a photon (hvq).

Previously discussed mechanisms for triplet generation (ISC, sensitization) are for
formally spin-forbidden processes but are not an exhaustive list. It is in fact possible to
generate triplets from a singlet excited state®? using a formally spin-allowed process —
singlet-fission (SF). Singlet-fission (Figure 1.5a), one type of photon down-conversion, is
the spin-conserving photophysical process where a singlet excited molecule interacts with
a singlet ground state molecule to produce an excited singlet, triplet, or quintet excited state
pair in a four-electron system®3, The production of a coupled triplet pair generates an

overall singlet-character of the exciton pair, thereby conserving spin. This allows to SF to

produces triplets as fast as 100 fs in the solid state®*. A molecular system capable of SF can
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be either endothermic (E(S;) <2E(T;)) or exothermic (E(S;)>2E(T;)) and can out-
compete other photophysical relaxation processes.

The delayed fluorescence sometimes used to identify singlet fission results from
subsequent triplet-triplet annihilation (TTA)?, otherwise known as photon upconversion
(Figure 1.5b). Originally studied in polyarene and polyacene systems, sensitized TTA
allows the upconversion of an incident photon that generates triplet in the sensitizer to the
blue-shifted fluorescent photon generated by the acceptor/annihilator. This mechanism is
thought to proceed via a Dexter-type energy transfer through a charge-transfer intermediate

as demonstrated below:
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Figure 1.6 A cartoon describing the two different Dexter-type transfer mechanisms
thought to occur in triplet-triplet annihilation: (i) one-step electron transfers and (ii)
concerted two-step electron transfer.

With the development of metal-centered organic sensitizers with excitonic bands
suitable for near-IR and visible excitation®* ¢, TTA was once again popularized due to its
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applications in solar cells®. Despite its revitalization in research, there is relatively little
known about the intermediate of TTA beyond its relationship to charge transfer states® 3"
3 Early reports of TTA in solid organic co-crystals indicate that some long-range
mechanisms might be enabled by trap states in the crystal®®, and recently, through Forster
type energy transfer®. To date, there is no consensus on whether TTA occurs exclusively
through a charge transfer intermediate or other non-radiative mechanism. Elucidation of
this mechanism will provide a basis for designing efficient photon upconversion materials

to improve photovoltaic modules, which may significantly reduce the cost for residential

and commercial users of solar panels.

1.2 Mechanochemistry and Photomechanical Concepts

Although the roots of mechanochemistry span several centuries** 4, its founding is
often accredited to Lea’s experiments on colloidal silver allotropes*?. Mechanochemistry
explores an alternative thermodynamic route for making and breaking chemical bonds by
applying mechanical force. In the absence of direct heating, mechanical stress/strain on a
molecule distorts its potential energy surface, decreasing the energy barrier for bond
formation/dissociation. This enables a myriad of chemical reactions for preparing
catalysts*® %4, alloying metals*® %6, and synthesizing organic molecules*’-*. The converse
of this relationship between mechanical work and chemical reactions has been explored
extensively in the recent revival of photomechanical research'® ! 5053 pbut many
fundamental questions about its limitations and scalability remain. This section will briefly

describe core concepts of mechanochemical and photomechanical models that are explored

14



in the later chapters on photomechanical work efficiency and inorganic-organic composite

actuators.

1.2.1 The Eyring, Zhurkov, and Bell Mechanochemical Models

Beginning with Eyring’s model** for the flow of viscous fluids, later expanded by
Zhurkov’s study® on crack propagation through a solid, and finally Bell’s model®® of
cellular adhesion, a framework for understanding the rate of mechanochemical reactions
as a function of activation energy and applied force is established. The Zhurkov-Eyring
equation, also known the Boltzmann-Arrhenius-Zhurkov equation (BAZ)*', relates the
mean time to failure t of a solid to the bond energy Es, the applied stress o, the sensitivity

constant y, and the thermal energy KT:

E, —ycs)

T="T(X exp( T

(egn. 1.1)
where 1o is the rate of failure when no force or stress is applied.

In his model, Bell gives physical meaning to the sensitivity constant y, defining it as
the displacement in the reaction coordinate (i.e. in the case of cellular adhesion, bond
distance) and finds that at the limit of bond cleavage, the activation energy AE! = 0,
meaning that product of the applied force and reaction coordinate must be equal to the bond

energy of the molecule. This establishes the critical force (fc) per potential bond to be:
KT
f.~ —In(KN)
o

(egn. 1.2)
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where 1, is the reaction coordinate, K is the ratio of the forward and reverse rate constants
for the bond formation/dissociation, and N is the number of molecules capable of bonding.
This model provides a useful framework for estimating the maximum force a bond can
sustain before the rate of dissociation dominates bond formation. However, this model
originally assumed no other changes occur on the potential energy surface of the system
and may fail to capture how mechanical force alters the landscape when higher dimensional

forces are applied (i.e. simultaneous torque and linear stress).

1.2.2 Evans-Ritchie Tilted Potential Energy Surface
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Figure 1.7 Qualitative representation of the Evans-Ritchie tilted potential energy surface
model. The simplified potential energy surface (left) for a triatomic molecule is plotted as
a function of the reaction coordinate (i.e. bond length). After a force is applied to the
molecule, the reactant (R, red) and the transition stage (TS, orange) become similar in
energy and geometry. When the bond breaks, the product (P, blue) is formed.

Evans and Ritchie generalized Bell’s model for a system whose potential energy
surface is altered by the applied mechanical force®®. In their model, the change in the bond

energy AE; is proportional to the applied force (f) and the original bond strength E’, of the
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molecule (Figure 1.7). As the applied force alters the potential energy surface, it shifts the
reactant and transition state closer together, effectively reducing the activation barrier to
some E',. This behavior is described naturally with bond cleavage of a triatomic molecule
where the applied force (i.e. stretching of the bond) brings the reactant closer to the

transition state until the bond readily breaks with the thermal energy available to the

system.
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Figure 1.8 Cartoons of potential energy surfaces for mechanochemistry (left) and

photomechanical reactions (right). In mechanochemical systems, the applied force is
parallel to the reaction direction whereas in photomechanical systems it is antiparallel.

The Evans-Ritchie model can be applied to higher dimensional systems, just as
mechanical force can be applied across multiple axes and dihedral angles of a molecule.
For photomechanical systems, one is usually interested in the antithesis of this model —
how a change in the reaction coordinate produces a mechanical force. Gaub’s experiment
on azobenzene functionalized oligonucleotides'? provides a method for directly measuring

this work with atomic force microscopy and from this experiment, estimates the maximum
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efficiency of work generated by a single azobenzene molecule. Although recent works have
shed light on how the mechanical limitations of a photomechanical material relates to its
macroscopic efficiency®®, an equivalent model that determines the maximum work
efficiency of a single photomechanical molecule has yet to be derived. Chapter 5 seeks to
remedy this by proposing a simple one-dimensional harmonic model (Figure 1.8) to

predict the maximum work efficiency for a photomechanical molecule.

1.2.3 Photoswitches

The key component to a photomechanical material is the generation of a change in
length, volume, or crystal packing through the stimulation of a photoswitching molecule.
A photoswitch can be any molecule that experiences a structural change when exposed to
light and may include photo-induced isomerization, dimerization, cyclization, or
dissociation reactions'® 50-52 5963 Generally, photoswitches can be reversible or
irreversible, although the former is typically considered for applications in
photomechanical materials. Reversible photoswitches can be separated into two classes
based on the stimulus for the back reaction: T-type (thermal) or P-type (photo). Although
these molecules perform some structural geometry change, they may not necessarily
produce a change in the macroscopic structure of the crystal or composite it is hosted in,

with unsubstituted azobenzene being a famous example. Several different photoswitching
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molecules are listed in below in the Figure 1.9 below but are not an exhaustive list of

candidates for incorporation into photomechanical materials:
R
7

azobenzene

R

Figure 1.9 Common photoswitches used in photomechanical systems. R denotes any
substituent (e.g. alkyl, halide, ester, etc.) and X represents C, N, or S.

Although these photoswitching molecules do not produce a meaningful change in
volume or length when in the solution phase, they can generate macroscopic work in the
solid phase® or when incorporated into polymer or elastomer hosts®?. Alignment of these
photoswitches is crucial to harvesting mechanical work in a pure or composite system but
is challenging to control in a scalable way®. This work will explore systems that organize

organic photoswitching nanocrystals with inorganic and organic composites in chapter 6.
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1.2.4 Photochromism

Photoswitches also exhibit photochromism®:®4 where their absorbance changes during
or after the photoreaction takes place. Photochromic molecules are classified as either a
positive or negative photochrome depending on whether they increase (Figure 1.10a) or

decrease (Figure 1.10b) their absorbance in the visible spectrum after reacting.
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Figure 1.10 Absorbances for two generic photochromic molecules. The positive
photochrome (a) will become more colorful as the reaction progresses whereas the negative
photochrome (b) becomes colorless.

For solid state applications of photomechanical actuation, negative photochromism is
desired as the optical beam penetration will not decrease as the reaction proceeds, allowing
an entire crystal or thin film to react completely given a long enough exposure duration.

Comparing the penetration depth of a 335 nm excitation source through a 0.1 mM solution

of pyrene, trans-azobenzene, and cis-azobenzene demonstrates the drastic difference in
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relative intensity of the light source. Using previously reported molar extinction
coefficients for pyrene (Figure 1.11a) in cyclohexane® (epyrene = 54,000 M cm™) and
azobenzene (Figure 1.11b) in methanol® (gtans = 17,383 ML cm™, &qis = 378 M cm™), the
relative intensity of the beam can be readily calculated from transmittance using the Beer-

Lambert equation.
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Figure 1.11 Calculated penetration depths of 0.1 mM solutions (a) pyrene (purple), (b)
trans-azobenzene (grey), and cis-azobenzene (orange) using a 335 nm light source using
the Beer-Lambert law to calculate the transmittance. Only in cis-azobenzene does light
fully penetrate the 1 cm beam path without losing more than 10% of its original power.
1.2.5 Templates and Hosts for Photomechanical Crystals

There are three general strategies for harnessing the mechanical potential of
photoswitching molecules: substitution into a polymer (Figure 1.12a)'> %2 ®3 growing

mesoscale single crystals (Figure 1.12b)%%* *°, or templated nanocrystal hosting (Figure

1.12¢)L €0,
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Figure 1.12 A cartoon depicting the three design strategies for hosting photomechanical
molecules and their methods of actuation after exposure to light (a) substitution of polymer
backbone, (b) single crystals, (¢) templated crystal growth.

Each method has their strengths and weaknesses for realizing photomechanical
potential in a practical setting. Directly substituting photoswitching molecules into
polymer backbones or liquid crystal elastomers provides a bottom-up approach to building
photoresponsive materials that is conducive to scalability but suffers from a weak Young’s
modulus due to the polymer host. Meso- and micro-scale crystals, however, provide a
much larger Young’s modulus to withstand larger loads but tend to fracture from internal
stress caused by the photoreaction leading to irreversible damage of the crystal®’.

Templated nanocrystal hosting minimizes the internal stress and prevents fracturing that
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occur with larger crystals but is limited by poor control of the crystal orientation during

growth and the impedance matching of the template and active material'® %8,

1.3 Preview of Research Projects
This work aims to answer three major questions concerning photomechanical materials
and multi-exciton photophysics:
1. Does triplet-triplet annihilation proceed through a Dexter-type charge-transfer
intermediate, or is a long-range, Forster-type mechanism at play?
2. What is the maximum work efficiency for a molecular photomechanical system?

3. Can templated growth of nanocrystals produce a linear photomechanical actuator?

If the TTA proceeds through a Dexter-type, charge-transfer intermediate, then design
of solid-state up-conversion materials for use in photovoltaics will be fundamentally
limited as the sub nanometer interaction distance will prevent steric strategies that reduce
energy loss to parallel channels®®. In chapter 3, the charge transfer intermediate and
electron exchange mechanism of triplet-triplet annihilation is probed using a triplet-
sensitized pyrene solution. Since pyrene’s monomer fluorescence changes with the local
polar environment and the monomer to excimer fluorescent ratio increases as the
intermolecular distance of neighboring pyrene molecules decreases, the fluorescent
spectrum of the up-converted solution will provide information on the intermediate of
triplet-triplet annihilation. If the triplet population in pyrene is generated solely through
sensitization, then any subsequent fluorescence from pyrene occurs directly after the
annihilation event. From this experiment, we conclude that the intermediate of TTA occurs

at an interaction distance and orientation that is incompatible for direct excimer formation.
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This means that the functionalization of annihilating molecules to inhibit excimer
formation should not have a negative impact on the TTA mechanism in the solution phase.
It also indicates that it may be possible to develop solid state TTA systems with molecular
spacers that prevent excimer formation but allow photon upconversion.

An analogue of this type of system is explored in chapter 4 for heterogenous singlet-
fission films of anthradithiophene (ADT), tetracene (TET), and [6]-phenacene (6PH). Due
to the = 1 eV difference in band gap, 6PH acts as an inert spacer and the photoluminescence
of ADT:6PH films provide insight into the role of excimer formation in the singlet-fission
process. The red-shifted luminescence observed in these films has a large dependency on
local polar environment, suggesting a large charge-transfer admixture and thus an excimer
character. This allows us to conclude that the excimer is formed in parallel to singlet-fission
and that the red-shifted luminescence is not due radiative relaxation of the correlated triplet
pair. The ADT:TET films also serve as a prototypical example of solid state heterofission
films, where a singlet exciton can undergo spontaneous fission into two triplets on
chemically distinct molecules (e.g. 3ADT and 3TET). Despite the similarities in their band
gap energies, no conclusive evidence of singlet heterofission is observed in these blends.

For photomechanical materials, there is presently no model to predict the maximum
efficiency of photomechanical, molecular systems. If the maximum theoretical efficiency
exceeds the Shockley-Quiesser limit, then photomechanical materials may be the best
approach for harnessing solar energy. If, on the other hand, 1% is the most one could hope
for, then contemporary research on photomechanical materials is a wasted effort. In

chapter 5, this work develops a 1-dimensional model harmonic model for determining the
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work efficiency limits in a molecular system. Although it is a simplified model that does
not consider the coupling to higher lying excited states, it provides a framework to analyze
the performance of a photomechanical molecule and how the force of a load affects the
photochemistry by building off the approach of the Evans-Ritchie potential energy surface
model. From this model, we determine the maximum theoretical work efficiency to be 55.4
% for an ideal system — over 1.5x the Shockley-Quiesser limit for Si-based solar cells.
Applications to a real system will require significant improvements to the model, but it
establishes a basis for predicting the behavior of photomechanical molecules and justifies
the pursuit of photomechanical research.

Chapter 6 develops a photomechanical actuator using 9-methylanthracene nanocrystals
formed in a porous anodized aluminum oxide (AAO). Nanorods of this negative
photochromic crystal extracted from the membranes in aqueous solution demonstrate a ~
7% expansion along the long axis of the nanorod, suggesting that it is capable of linear
actuation when incorporated into the AAO. However, linear actuation as depicted in
Figure 1.12c isn’t observed, but the photomechanical actuation of the template is
quantified using Michelson interferometry. The solvent annealing process for embedding
these organic photomechanical crystals into porous media is improved and the influence of
surface functionalization is determined to be negligible.

The remaining section, chapter 7, will explore unpublished materials and alternative
designs for photoswitching molecules using embedded viscous polymer microfibers and
amorphous diarylethene microfibers. Microcrystals and nanorods of 4-fluoro-9-

anthracenecarboxylic acid are suspended in polyethene oxide (Mw = 8,000,000 g/mol) and
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aligned through hand-pulling of the viscous media for the polymer approach and
demonstrate a potential bottom-up method for producing photomechanical fibers but face
several challenges that inhibit photoactuation. Lastly, molecular microfibers on the 10-100
pm diameter scale are pulled directly from molten diarylethene derivatives and have a

potential use in photoswitching fiber optics.
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Chapter 2.  Experimental Methods
2.1 Sample Preparation
2.1.1 Pyrene and Ir(ppy)s

Pyrene (98% Pure, Sigma Aldrich) is used as received and weighed in an AND HR120
balance and added directly to solvent (tetrahydrofuran, THF, HPLC grade,
dichloromethane, DCM, or orthodichlorbenzene, ODCB) without further purification.
Solutions are prepared in volumetric flasks (e.g. 25-mL, 10-mL) and serial diluted using
glass graduated pipettes. Solid tris(2-phenylpyridine) iridium (I11) (Ir(ppy)s, sublimed
grade, Sigma Aldrich) is weighed and used as received to prepare a 100-mL stock solution
in THF. The series of sensitized solutions are derived from these two stock solutions.
Before steady-state and time-resolved fluorescence experiments are performed, solutions
are deaerated with Ar for 20 minutes in a screw-cap, 1 cm beam path fused-silica cuvette.
Samples are also topped with a balloon of Ar to prevent reintroduced of oxygen through
the septa.

2.1.2 Anthradithiophene, [6]-Phenacene, and Tetracene films!

Anthradithiophene (ADT, Sigma-Aldrich, 97% purity, the material contains a mixture
of two different isomers, anti-ADT and syn-ADT), Tetracene (TET, Sigma-Aldrich,
99.99% purity), and [6]-phenacene (6PH, Lambson Japan Co. Ltd., 99% purity) were used
as received. The samples were prepared by codeposition (organic molecular beam
deposition) in a high vacuum chamber with a base pressure of 108 mbar. The molecules
were resistively heated in individual Knudsen-cells, and the deposition rate for each

molecule was controlled by a separate quartz crystal microbalance (QCM), calibrated using
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X-ray reflectivity (XRR) measurements. All films have a nominal thickness of 80 nm and
were deposited with a total growth rate of 6 A/min on native silicon and quartz glass
substrates, which were kept at room temperature during growth. The mixing ratio of each
film was calculated in molar % of ADT.

2.1.3 9-methylanthracene Nanorod Filled Templates?

5mg 9MA in
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Add 75 uL CHCI, to

kimwipe cover 5 gl
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Figure 2.1 Flowchart detailing the new template filling procedure for 9MA in chloroform.
Templates are pre-washed in chloroform before solution is added to the surface. Once dry,
each sample is polished with 9 pm Al203, 5 pm SiC, 2 um, 1 um, 0.3 um Al203 lapping
paper. Inset: photograph of the apparatus used.

The crystal growth solutions were prepared by adding approximately 5 mg of solid 9-
methylanthracene (9MA, 98%, Sigma Aldrich) to a glass vial containing 50 uL CHCla.
The solution was then sealed in the vial and sonicated for 5 min in a room temperature
water bath. An empty anodized aluminum oxide (AAO) template (Whatman Anodisc
inorganic filter membrane, 13 mm diameter with a 0.2 um pore diameter purchased) was
wetted with CHCI3 before it was placed on the PTFE stage in the solvent annealing

apparatus. While the template was still wet, the 9MA solution was quickly added on top of
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the template and a measured volume of CHCIs was added to the Kimwipe which was
present below the sample stage. Typically, enough solvent is used to saturate 110% of the
volume of the bell jar used (e.g. for a 163 cm? bell jar, a total volume of 125 pL was used,
corresponding to a ~ 180 cm?® container of vapor). Each bell jar is covered with aluminum
foil to prevent premature photodimerization by ambient lighting. The solvent was allowed
to evaporate at room temperature overnight, after which the template was hand-polished
using a series of lapping papers (9 pm Al203, 5 um SiC, 2 um Al203, 1 um Al203, and 0.3
pm Al203). Each face of the template was polished until it appeared to be shiny and
uniform.
2.1.4 Surface Functionalization of AAO Templates®

In order to make the AAO surface hydrophobic, a previously developed method to
functionalize the surface with carboxylic acids is employed*. Lauric acid (>98% Sigma
Aldrich) was dissolved in denatured laboratory-grade ethanol at a concentration of 20 g/L.
The solution was added to a 10 mL beaker and heated to 55 °C. Empty AAO templates
were placed upright in the beaker, supported by a hollow PTFE cylinder, and the solution
was stirred for 30 min. Afterwards, the templates were rinsed separately in Millipore water
and fresh ethanol before drying in an oven at 80 °C for 15 min. The same procedure was
used for 3-phenylpropionic acid (99% Sigma Aldrich); however, this additional process

started with a concentration of 15 g/L in ethanol.
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2.1.5 4-Fluoro-9-Anthracene Carboxylic Acid Nanorods

@) OH

F

Figure 2.2 Structure of 4F9AC monomer, which undergoes a [4+4] cycloaddition reaction
as described in Figure 1.9.

Following a similar procedure to 9MA in 2.1.3, approximately 4 mg of 4-fluoro-9-
anthracene (4F9AC, synthesis described elsewhere®) powder is weighed in a Sartorius ME-
5 microbalance and added directly to a 2-mL vial where it is dissolved in 75 uL N,N
dimethylformamide (DMF, dried with MgSO,4 and filtered with a Whatman qualitative
filter). The AAO template is wetted with DMF and placed on the Teflon stage after which
the solution is added directly to the template. The sample is covered with a bell-jar for 48
hrs and the DMF is allowed to dry. Afterwards, the which the template was hand-polished
using a series of lapping papers (9 pm Al203, 5 um SiC, 2 um Al203, 1 um Al203, and 0.3
pum Al203). The AAO is etched away using a 20 % wt. HzPOa, 0.1 % wt. sodium dodecyl
sulfate (SDS, Sigma Aldrich) aqueous solution. The polished template is added to

approximately 5 mL of the etchant solution and heated to 50 °C in the dark for 48-72 hrs.
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2.1.6 PEO-8M microfibers

Figure 2.3 Microfiber of PEO-8M doped with 4FOAC nanorods, pulled directly from
solution using the draw tower. The apparatus and microfiber are illuminated with a 365 nm
flashlight. 4F9AC excimer fluorescence is visible in both the fiber and the solution.

Solid polyethylene-oxide (PEO-8M, My = 8,000,000 g/mol, Sigma Aldrich) is weighed
in Mettler Toledo AB104-S balance and added directly to Millipore water. Sodium-
dodecylsulfate (SDS, Sigma Aldrich) is weighed in a Sartorius ME-5 microbalance and
added directly to the aqueous solution. For optimal viscosity®, a 2 % wt. PEO-8M, 0.2 %
wt. SDS, 1.0 g solution is prepared. Solutions are stirred at room temperature with a micro-
stir bar at 1000 rpm until the polymer is completely dissolved (24-48 hrs). Microfibers are
drawn with a 21 AWG needle pulled directly from the viscous solution. The needle is
mounted at the top of the draw tower (see Figure 2.3) and the tip is submerged in the PEO-
8M solution, and the vial is quickly pulled away and placed at the bottom of the tower. The

fiber dries within 5 minutes, after which it is available to be mounted onto substrates.
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Nanowires or sublimed microneedles of 4F9AC are added directly to an unmixed 2 % wt.
PEO-8M, 0.2 % SDS, pH = 3 (NaHCO3, H3POa) aqueous solution and stirred at 1000 rpm
in the dark with a micro-stir bar until the polymer has completely dissolved. The solution
must be kept at pH < 5 to prevent the 4F9AC from dissolving in the aqueous solution over
time. If pH < 2, the PEO-8M degrades and hydrolyzes over the span of a week and loses
its viscosity.

2.1.7 PMMA fibers

Figure 2.4 Fibers of PMMA doped with 4FOAC under illumination of a UV lamp,
demonstrating the monomeric blue fluorescence.

Poly(methyl methacrylate) (PMMA, Sigma Aldrich) is weighed in a Mettler Toledo
AB104-S balance and added directly to a pre-cleaned 20-mL scintillation vial. Acetone
(HPLC grade) is added to the vial until a 50 % wt. solution is achieved. The solution is
sonicated for 24-48 hrs until the polymer has completely dissolved. A 21 AWG needle is
submerged into the viscous polymer solution and pulled slowly by hand to pull a millimeter
scale fiber from the solution. If the solution dries out and solidifies, acetone is reintroduced,

and the solution is sonicated until it dissolves again. To dope the fiber, solid 4F9AC is
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weighed in a Sartorius ME-5 microbalance and added directly to the PMMA solid before
co-dissolving in acetone. This results in the blue monomer fluorescence of doped fibers

after UV irradiation and thus no photomechanical behavior.

2.1.8 Diarylethene Microfibers

(a) (b)
R F

Diarlyethene 1 (DAE)

Figure 2.5 (a) Structure of the commercial diarylethene used for microfiber production
and (b) an example of a molecular microfiber drawn from the molten liquid.

Commercial  diarylethene,  1,2-Bis(2,4-dimethyl-5-phenyl-3-thienyl)-3,3,4,4,5,5-
hexafluoro-1-cyclopentene (DAE, >98% Pure, TCI Chemicals B2629) powder is added
directly to a 2-mL glass vial for melting. About 20-30 mg is required to form a sufficient
volume of molten DAE for pulling fibers. The vial is placed is directly into a silicone oil
bath raised to ~ 138 °C and given approx. 1-2 minutes to fully melt. The vial is then raised

and clamped 6 inches above the bath and given a minute to cool. After the minute has
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passed, a = 250 um stainless steel needle is submerged into the molten crystal and pulled
slowly by hand at 70-80 s of total cooling. Longer cooling periods result in a more viscous
liquid, which is preferrable for pulling larger diameter microfibers but are ultimately
shorter as the molten crystal is closer to complete solidification.

2.2 Characterization

2.2.1 Steady-State Absorbance Spectroscopy?!

Sample solutions are added to a pre-cleaned 1 cm beam path UV grade fused-silica
cuvette and measured at room temperature in an Agilent Cary 60 with a 0.5 nm interval
and 0.0125 integration time. Solutions with high optical densities are measured in 50 or
200 um beam paths using a variable beam path cuvette equipped with an insertable quartz
column. The 9.95 mm and 9.8 mm lengths of the column’s base reduce the beam path
through the solution depending on the orientation of the column. Solvent backgrounds are
measured and recorded with 50 pum, 200 pum, and 1 cm beam paths when appropriate.
Cuvettes are rinsed with the solvent and then in triplicate with a 60:40 by vol. acetone and
methanol mixture before being air-dried between samples.

For the ADT, TET, and 6PH blended films, absorption spectra were recorded with a
PerkinElmer Lambda 950 UV-vis—NIR spectrometer.

2.2.2 Steady-State Fluorescence Spectroscopy

Samples are first deaerated for 15-20 mins with Ar and sealed with an Ar filled balloon
after being added to a 1 cm UV grade fused-silica cuvette. Samples are typically measured
at a 90 ° collection angle in a Horiba QM 400 fluorimeter with a 1 nm bandpass at the

excitation and emission slits. For samples with large self-absorbance, such as pyrene,
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quasi-front face collection is achieved by using a rotational mount to minimize the inner-

filter effect.

7

pinhole

et O o\> Ocean Optics

USB 400
10 cm 5cm

50.8 mm @ 254 mm o

Figure 2.6 Alignment of the sample and spectrometer for the up-converted fluorescent
emission experiment. The emission is relay imaged onto the pinhole of the fiber optic
coupler.

For the steady-state upconversion experiments, solutions are measured with an Ocean
Optics USB 400 spectrometer coupled to an optical fiber. The solution is excited on the
edge of the cuvette and collected at a 90 ° collection angle to minimize the inner-filter
effect. Spectra are averaged 5 times with 50-100 ms integration times to prevent bleaching
of the spectrometer.

For the solid ADT, TET, and 6PH blended films, steady-state photoluminescence
measurements were conducted with a pulsed laser diode LDH-P-C-470 (Pico-Quant,
Germany) of 470 nm wavelength, a time-averaged power of 0.05 uW, and a repetition rate
of 40 MHz. Using a Plan-NEOFLUAR 65x/NA 0.75 air-objective (Carl Zeiss AG,
Germany), the laser pulses were focused on a spot with a 30 um diameter on the sample,
yielding a fluence of 1.77 x 10-4 pJ/cm2. As the detecting unit, an Acton SP300

spectrometer with a PIXIS 100 camera (both Princeton Instruments, USA) was used.
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2.2.3 Time-Resolved Photoluminescence Spectroscopy®
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Figure 2.7 Diagram of the experimental set-up used for time-resolved photoluminescence
using an excitation wavelength of 329 nm generated using the 800 nm, 1 kHz fundamental
beam from the Coherent Libra HE coupled into an optical parametric amplifier.

The Hamamatsu C4334 streak scope has a temporal resolution of = 20 ps and spectral
resolution of 2.5 nm. The luminescent emission from the samples is relay images through
a pinhole onto a monochromator. The monochromator separates the emission horizontally
into separate wavelengths where it then hits a photocathode and generates electrons. These
electrons are accelerated with a mesh inside a cathode tube and experience through a time-
varying electric field which deflects the electrons vertically, generating temporal
resolution. These electrons hit a multi-channel plate (MCP) then finally a phosphor screen.
Luminescence from the phosphor screen is captured with a tapered fiber optic bundle
coupled to a CCD camera. The pixel position and intensity correspond to the spatial
(wavelength, horizontal) and temporal (vertical) information of the experiment.
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For samples and solutions measured with the Hamamatsu C4334 Streakscope and
Camera the excitation source is either: (i) the Ti:Saph fundamental beam at 800 nm and 1
kHz rep. rate (Coherent Libra HE), (ii) the frequency doubled 400 nm beam at a 1 (from
fundamental) or 100 kHz rep. rate (Pockels cell, ConOptics), (iii) a sum-frequency
generated beam from the coupled optical parametric amplifier (OPA, Palitra), or (iv) the
acousto-optically modulated (Gouch and Housego) 460 nm laser diode at a 1 kHz rep. rate.
Solutions are deaerated with Ar for 15-20 mins and sealed with an Ar filled balloon in a 1
cm beam path cuvette and solid samples are mounted to a Janis flow cryo-stat pumped
down to 107 Torr. Streak images are integrated for 10%-10° counts, depending on the
brightness of the emission, with the multichannel plate gain set to 16. For the triplet
sensitized pyrene solutions in THF, DCM, and ODCB, an average energy of 23.5 nJ was
used during the 250 us pulse. The solid-state ADT, TET, and 6PH blended samples were

irradiated with a laser fluence of < 1.2 pJ/cm?.

2.2.4 Grazing-Incidence Wide Angle X-ray Spectroscopy*

For the ADT, TET, and 6PH blended films, the mixing ratio of each film was calculated
in molar % of ADT. XRR measurements were performed on a Ge XRD 3003TT
instrument, and grazing incidence wide-angle X-ray scattering (GIWAXS) measurements,
on a Xeuss 2.0 (Xenocs) in-house instrument with a Pilatus 300k detector, both using Cu
Ka radiation (A = 1.541 A).

For the 9MA filled AAO templates, GIWAXS experiments were performed using a
Ganesha SAXS-LAB (Holyoke) instrument at room temperature. The X-rays (A =1.54 A,

Cu Ka radiation) were incident at an angle of 2° to the sample’s surface in order to reveal
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the crystalline plane distribution with respect to the sample’s normal direction. A slice of
9MA-filled AAO template (3 mm x 1 mm) was mounted on a Thorlabs Rotation Stage
(ThorLabs, MSR P01). A Pilatus 300K detector was used to collect the 2D diffraction
pattern. The sample to detector distance was 86.55 mm. All the GIWAXS raw data from
the 9MA filled templates were processed using SAXSGUI software.

2.2.5 Michelson-Interferometry and Beam-Deflection®

photodiode

diffuser
Figure 2.8 Diagram of the Michelson interferometer and beam-deflection experimental
set-up. To allow reaction of the template without slippage of the mirror, the sample is
irradiated from beneath the stage through the optical flat. The recombined 632 nm beam

Samples of 9MA filled AAO templates are placed on a A/4 optical flat with a 25 mm
diameter mirror placed on top of it. A 632 nm beam from a HeNe laser (SpectraPhysics
155) is chopped at 50 Hz and sent through a 50:50 beam splitter to split the source into the
probe and reference path. The optical flat stage, beam splitter, and reference mirror are all

adjusted until constructive interference is maximized when the beam paths recombine. The
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reference mirror is positioned with a piezoelectric linear actuator (ThorLabs PEG6) driven
by an MDT 694B controller (Thorlabs) to confirm alignment of the reference and probe
beam paths. The recombined signal is collected with a photodiode (ThorLabs SM1PD1A)
after passing through a 630 nm longwave pass filter. The photodiode signal is measured
with a lock-in amplifier (Stanford Research Systems, SR830) synchronized to the chopper
controller (Stanford Research Systems, SR540) and collected via custom built LabView
program. A 405 nm laser diode is used as an excitation source and illuminates the sample
from beneath the stage with an average fluence of 18-19.5 pW/mm?. The excitation source
is blocked with a programmable shutter to synchronize collection and exposure for the

interferograms.
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2.2.6 Modelling of Interferometry’

AL

| |
: |
< >l

D

Figure 2.9 Cartoon of the Michelson interferometer at the sample beam path. When the
template deforms and tilts the mirror, the angular displacement (Aa) and optical beam path
difference (AL) can be coupled geometrically. This causes the sample beam path to tilt in
the yz-plane, giving rise to the E2(x’,y’,z’) field.

Once enough angular error has accrued on the probe beam path due to the sample’s
actuation, the two 632 nm beam paths no longer coincide on the photodiode’s detector
range. The photodiode is removed, and the beams are directed to the wall 4.9 m away from
the sample stage. The center-to-center displacement is measured with a digital caliper and
used to calculate the total angular displacement of the template.

The misalignment of a two-beam interferometer can be described as the intensity
change in the sum of the two electric fields E1(X,y,z) and Ex(x’,y’,z’), where E; is the field
from reference path and Ez is the field from the misaligned sample path. Assuming an
infinite confocal parameter and radius of curvature while neglecting the Guoy phase shift,

then the beam waist is also unchanged. If we consider only the misalignment in the yz-
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plane with the tilt angle o resulting in an optical beam path difference L, then the fields can

be described as:

x% + y?
Ei(x,y,z) =AXexp|— 2 X exp(kz — wt)

x'?+y'?
E,(x',y',z") = A X exp (— W—2y> x exp(kz' — wt)

(egn. 2.1)

where k is the wavevector of the laser source and A is the amplitude. If the angular tilt is
assumed to be small, then sin(a) = a, then the transformation of (x,y,z) — (x’,y’,z’) can be
simplified to:
X =X
y'=y-(z-La
z'=z—-L+ya

(egn. 2.2)

After taking the sum of E1+E> and simplifying, the intensity of the two combined beams

is:

f |E; + E,|*dxdy

Iphoto = ff Iy <1 + exp (—ik(ya —-L)— (z2y(z = L)a) + (2 = L)2a2>> dxdy

w2

2

o xP+y?r
where [, = A X exp | iwt — . ikz

(egn. 2.3)

The evaluation of (egn. 2.3) across an infinitely large xy plane evaluates to:
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Iphoto = (AZT[WZ) X

<1+exp ((—(k2w4+4(é:1§/t2)—Z)Z)a(t)2)> XCOS(kL(t) +§(L(t) _Z)a(t)2>>

(egn. 2.4)

where w is the beam waist, k is the wave number of the probe, z is the distance to the
detector, L is the optical path difference, and o is the angular off-set. For the calculations
used to model the 9MA filled templates, w = 1 x 10-3 m, k = 21 x 632.8x10°m™,z=1
m and the factors due to the beam divergence and the Guoy phase shift have been neglected.
Neglecting these factors is justified when the beam diameter is much greater than the
optical wavelength and there is no focusing inside the interferometer. Assuming a linear
time dependence of the Aa and AL such that L(t)=AL(t—to) and a(t)}=Ao(t—to) where to is
the starting time for irradiation of the template, (eqn. 2.4) becomes:

1(t) = (A’mtw?) X

|+ exp <—(k2w4 + 4(AL(t — ty) — 2)2) (Aa(t — t0)2)> .

8w?2

...cos (kAL(t —t)) + g (AL(t — ty) — 2)(da(t - to))z)

(egn. 2.5)

which assumes that AL and Aa are independent, but if a circular template of diameter D
tilts by an angle Ao, then the following substitution can be made into (eqn. 2.5) using the

small angle approximation:
D
AL(t) = 7 X Aa(t —tg)

(egn. 2.6)
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2.2.7 Density of AAO Templates!

The skeletal density of the AAO templates is determined using Archimedes principle
to measure the weight of individual templates first in air and then in ethanol to mitigate
formation of air bubbles on the surface of the sample. Samples are measured in a mesh
weigh boat suspended from the eyelet on the bottom face of the scale (AND HR120
analytical balance) so that the samples can be submerged in the auxiliary liquid. The
temperature of the auxiliary liquid is monitored with a k-type thermocouple. The apparent

weights are used in the following equation to determine the density of the sample pi:

Wair

pi = W — Wreom (Pair — PEton) + PEton

(egn. 2.7)

where Wair is the weight in air, Weton is the weight in ethanol, pair and peton are the densities
of air and ethanol respectively. The skeletal density is averaged across 10 different AAO

templates and a cartoon of the set-up is included below:

Figure 2.10 Cartoon of the apparatus used to measure the skeletal density of the AAO
templates. Individual templates are supported in a mesh weigh boat and first measured in
air, then completely submerged in the auxiliary liquid.
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From the skeletal density (pskele) Of the AAO, we can determine the effective porosity
of the templates. Given that a 60 um thick, 13 mm diameter disk solid disk (Vaisk) would
have a volume of = 7.96 x 102 cm?, then it should have a weight of Waisk = pskeleXVdisk ~
23.9 mg. Using the average observed weight of the porous template, Waao = 10.0 £ 0.1
mg, then the volume of the void space and the porosity (P) of the template can be calculated
using:

v _ Waisk = Waao
void —
Pskele

p= Vioia _ Waisk — Waao —1_ (WAAO>
Vaisk Waisk

(egn. 2.8)
Using (egn. 2.8), the porosity of the templates used in chapter 6 is approximately 58
+ 0.6 % and corresponds to = 4.7 mg of 9MA as the weight of theoretical maximum fill.

2.2.8  Water Contact Angles for Functionalized Templates?

(a) (b)

141°

130°

() -ﬁ '

untreated  Lauric acid functionalized -

Figure 2.11 (A-b) Contact angle measurements of a 50 pL water droplet on a LA-
functionalized AAO surface. Samples demonstrate superhydrophobic surfaces with contact
angles > 130°. The untreated AAO templates are sufficiently hydrophilic to form contact
angles below the limit of detection of the instrumentation. Side by side qualitative
comparisons are captured in (c) using 100 pL of water added to each surface via
micropipette.
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The water contact angles of the functionalized templates were measured using a Kruss
D04010 EasyDrop system (Matthews, NC, USA) with a 50 yL droplet of water. Two
lauric-acid functionalized templates and one bare template were tested to demonstrate the
change in the hydrophilicity.

2.2.9 Scanning Electron Microscopy®

For the SEM measurements in chapter 6, polished AAO templates were cut into
quarters with a razor blade. Two portions of the template were exposed to UV (405 nm
laser) while the remaining pieces were kept in the dark as reference samples. The samples
were then fixed to a glass slide using polyimide tape before coating with Au using electron
beam evaporation (Temescal BJD 1800). The samples were imaged under a 10.0 kV
electron beam in a Zeiss Leo XB 1540 microscope.

2.2.10 Atomic Force Microscopy®

For the AFM measurements in chapter 6, filled templates were fixed to a magnetic
stage with double-sided tape and imaged using a tapping mode AFM (AFM Probe NSGO01,
NT-MIDT Spectrum Instruments, Digital Instruments Nanoscope I11A). The samples were
irradiated in-situ using a 405 nm laser diode that was attenuated to 50 mW before passing
through a diffuser. Higher laser intensities could not be used due to the damage that is
caused by the heating of the gold-coated SiC probe tip.

2.2.11 Brightfield Microscopy

Microfibers are imaged using Leica DM2700M and Olympus 1X70 transmission

microscopes. For PEO-8M microfibers, photomechanical dopants are excited using a 405

nm dichroic beam splitter to illuminate the sample with the Hg lamp built into the Olympus
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IX70 microscope. Images and videos are recorded through the camera port beneath the

binoculars.

2.3 Calculations
2.3.1 Brute force search for 1D Harmonic Oscillator Model°

All calculations are performed in Mathematica 12.3 using custom functions defined
from the 1-D harmonic oscillator model. Using the definitions in (eqn. 5.4(egn. 5.5, a

matrix for the simplified Hamiltonian is constructed:

The potential energy surfaces (PES) A: are constructed by evaluating the Eigenvalues of
Hiot using the built-in function, giving the expanded form of (egn. 5.3. The expressions are
generated using the following:

Evalues = Eigenvalues[Htot]

Aminus = Evalues[[1]]
Aplus = Evalues[[2]]

For convenience in later calculations, a custom function is defined from the symbolic
form of eqgn. 3. using the replacement function (note that subscripts are avoided when

defining the variables to prevent errors when referencing and replacing values):

LminusFxn|[ , , , , , , ] :=
Aminus/.{ka->Ka, kb->Kb, xa->Xa, xb->xb, A-> , V-> , A-

> }

LplusFxn[ , , , , , , ] := Aplus/.{ka-
>Ka, kb->Kb, xa->Xa, xb->Xb, A-> , V-> , A-> }

Afterwards, the first and second derivatives are evaluated from symbolic form of A.,
creating the AminusD, AminusD2 derivative expressions used to tract the extrema in the
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lower PES. Similar to the process above, custom functions are generated using the
replacement function and the derivative expressions:
LminDfxn[Ka , Kb , Xa ,Xb , Delta , Coupling , Force ] :=

AminusD/.{ka->Ka, kb->Kb, xa->Xa, xb->Xb, A->Delta, V->Coupling, A-
>Force}

LminD2fxn[Ka , Kb , Xa , Xb , Delta , Coupling , Force ] :=
AminusD2/.{ka->Ka ,kb->Kb, xa->Xa, xb->Xb, A->Delta, V->Coupling, A-
>Force}

Together, these two expressions can be used to determine the location of the minima along
the lower PES :

LminimaXfxn[Ka , Kb , Xa , Xb , Delta , Coupling , Force ] :=
x /. Solvel[
LminDfxn[Ka, Kb, Xa, Xb, Delta, Coupling, Force] == 0 &&

LminD2fxn[Ka, Kb, Xa, Xb, Delta, Coupling, Force] > @, x]

Counting the minima along A for any particular set of Ka, Kb, Xa, Xb, A, V, and A is
accomplished using:

LminimaCheckFxn[Ka , kKb , Xa , Xb , Delta , Coupling , Force ] :=
Count[LminimaXfxn[Ka, Kb, Xa, Xb, Delta, Coupling, Force], _Real]

Once the location of the minima is determined, the photon energy cost can be
calculated for either the forward or reverse reaction using the following function:
Ephoton[Ka , Kb , Xa , Xb , Delta , Coupling , Force ,
X1 ] := ((Aplus - Aminus) /. {ka -> Ka, kb -> Kb,

Xxa -> Xa, xb -> Xb, A -> Delta, V -> Coupling,
A -> Force}) /. x -> X1

53



Due to the absence of a neat analytical solution for Astop when V # 0, a numerical

brute force search is employed according to the flowchart below:

Define new
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Figure 2.12 Flowchart describing the brute-force algorithm for determining the stopping
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force of a photomechanical molecular system where V # 0.

It is important to note, however, that the accuracy of the brute force search is limited

by the magnitude of the step size. For large values of xo and small values of V, the system

A ++ by step
size

can endure large forces, which makes finer step sizes computationally taxing.
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Chapter 3.  The Role of Excimer Formation and Charge-Transfer Intermediate in
Triplet-Sensitized Upconversion of Pyrene Solutions
We begin the study of multi-exciton materials with the investigation of the charge-
transfer intermediate and interaction distance of triplet-triplet annihilation (TTA). By
sensitizing the triplet population of pyrene with a metal centered organic, triplets in pyrene
can be generated without direct stimulation, thus any excimer fluorescence observed is the
direct result of singlets formed by TTA. Here, we develop a method to decompose time-
resolved fluorescent spectra of up-converted pyrene into its monomer and excimer
components. The ratio of the excimer to the monomer provides spatial information on the
TTA mechanism and suggests a long-range mechanism is at play.
3.1 Introduction
Triplet-triplet annihilation (TTA) and photon upconverting (UC) materials have
enjoyed a renewed interest compared to their earlier studies in mid 1960s'*. With advances
in triplet sensitization® ©, nanoparticle functionalization” , and polymerization® *°, TTA-
UC materials are now able to convert a broad range of wavelengths into higher energy
photons depending on the chosen sensitizer and emitter®. With many prospective
applications including solar energy*!, bio-imaging'?, optical data storage’3, organic light
emitting diodes (OLEDs)* 4, and optogenetics®®, the attention TTA-UC materials have
drawn is warranted. This attention is accompanied by several investigations into the
mechanism behind TTA® and its counterpart singlet-fission (SF)'” 8. The fusion of two
triplets into a higher energy singlet, triplet, or quintet, leaves behind several questions

regarding the correlated triplet pair intermediate (}(TT)) and the nature of the energy
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transfer in this spin-allowed process. Direct observation of (TT) is challenging but
possible with NIR transient absorption spectroscopy® 2! and photoluminescent
spectroscopy via Herzberg-Teller coupling® 2%, Since many of the organic molecules
historically associated with TTA and SF also form excited dimers (excimers)® % 24 25,
several studies have tried to discern whether this state is conducive to TTA? 27 and SF?
29 and how it relates to the (TT) intermediate.

As new information emerges about }(TT), old questions concerning the interaction
distance of TTA and the formation of the excimer are raised. Early studies of TTA in
pyrene concluded that the excimer was preferentially, if not directly, formed by TTAL 4 24
%0 Due to the increase in excimer to monomer (E/M) emission during prompt and delayed
fluorescence, it was originally thought the excimer was formed due to the narrow
interaction distance and solvent cage involved in TTA, thereby excluding an excited
singlet-ground state re-encounter model in several derivatives of pyrene®’. However, the
increased E/M intensities may be due to nuances of the molecule’s photophysics, as the
inner-filter effect3! 32 suppresses monomer fluorescence while direct excitation further
obfuscates the relationship of both species in delayed fluorescence. Triplet sensitization
alleviates some of these issues as the indirect population of pyrene triplets results in
monomer fluorescence caused solely by TTA. Since TTA is commonly thought to occur
through a Dexter type energy transfer (DET)33 3 mechanism, intermolecular distances in
the range of a nanometer are expected, which correlates to a large local concentration of
pyrene. If the DET includes a two-step, one electron exchange between the }(TT), one

might then expect the fluorescent spectrum generated through sensitized TTA to be
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exclusively excimer, but this is not what is observed® 3. Furthermore, derivatives of pyrene
that prevent excimer formation through steric hindrance do not suffer the same penalties
when undergoing TTA?®. This suggests that a longer-range mechanism might be accessible
to solutions of pyrene since the reduced diffusion and increased intermolecular distance
between two sterically hindered derivatives do not prevent upconversion. In this chapter,
we seek to elucidate the role of the excimer during TTA through triplet sensitization using
the well-studied pyrene and tris(2-phenylpyridine) iridium (111) system. By using time-
resolved photoluminescence to screen out the sensitizer’s emission and applying spectral
decomposition to accurately assign the monomer and excimer areas, our results suggest
that the re-encounter model is the likely mechanism and that TTA is occurring at an
interaction distance that is larger than the critical excimer formation radius.

3.2 Results and Discussion
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Figure 3.1 Reaction scheme and Jablonksi diagram for the triplet-sensitized upconversion
of pyrene in solution. There are three major radiative relaxation pathways available:
Ir(ppy)s luminescence (red), pyrene monomer fluorescence (blue), and pyrene excimer
fluorescence (green).
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Figure 3.1 above describes the relaxation pathways available to pyrene and Ir(ppy)s
following excitation of the annihilator (Figure 3.1b) or sensitizer (Figure 3.1a). Selective
excitation of Ir(ppy)z on the shoulder of the So — S; transition yields efficient intersystem
crossing (ISC) via the metal-ligand charge transfer (MLCT) band, enabling Ir(ppy)s to
transfer energy into pyrene via triplet-energy transfer (TET) without any direct excitation
of annihilator® (Figure 3.2a). However, the overlapping fluorescence of the three species
(hvmono, hvexe, and hvirppy)3 respectively in Figure 3.1 presents two challenges when
analyzing the upconverted spectra. First, lingering photoluminescence from the sensitizer
(475-680 nm) significantly overlaps with the pyrene excimer fluorescence (400-650 nm)
and obscures the excimer population, whilst moderate overlap of the monomer and excimer

(390-500 nm) region compounds the issue (Figure 3.2b).
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Figure 3.2 Steady state spectra of pyrene (blue) and Ir(ppy)s (red). a) Molar extinction data
for pyrene and Ir(ppy)3, with the 460 nm laser excitation source in purple and b)
fluorescent emission for = 10-3 M solution of pyrene and 10-5 M solution of Ir(ppy)3 in
THF.

59



The former can be solved by time-gating the sensitizer’s quenched luminescence,
but the latter issue requires a deeper spectral analysis of pyrene’s fluorescent emission. At
the dilute limit (104-10° M), direct excitation of pyrene leads to exclusively monomer
fluorescence, as the singlet relaxation outcompetes excimer formation. Fitting the spectral
features under these conditions reveals 9 peaks spanning from 360-400 nm, with 2 broad
shoulders extending into the 400-500 nm region. These 11 peaks remain in concentrated
solutions, where the addition of 2 broader, red-shifted peaks constitute the familiar excimer
fluorescence. The entire fluorescent spectrum of pyrene can then be described with these
13 peaks, as depicted in Figure 3.3 for a de-aerated tetrahydrofuran (THF) solution. For
any concentration of pyrene, the fluorescence spectrum can be described as a linear

combination of its monomer and excimer components using (egn. 3.1).
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Figure 3.3 Decomposition of the steady state fluorescent spectrum for concentrated pyrene
in THF solution. Each of the thirteen peaks are plotted beneath the experimental data
(black) and the corresponding fit (red, dashed).
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I(A) = W1 X Imono (A) + Wy X [oxe (/1)

(egn. 3.1)

where I,0n0(4) and I,.,.(1) correspond to their respective fluorescent intensities at the
specific wavelength A. Thus, any fluorescent spectrum of pyrene in a particular solvent can
be fit by varying the weights w, and w, without having to refit all 13 peaks. Figure 3.4
demonstrates this approach in several de-aerated solutions of pyrene in THF and the fit’s
agreement with the experimental observation. Once each weight is determined from the fit,
the relative excimer and monomer populations can be calculated using their respective peak
areas:

Wy X flexc(/l)d)‘
wq X fImono (Ada

E_

M
(egn. 3.2)
The peak assignment of the monomer and excimer species need only be completed
once per solvent to account for perturbations caused by diffusion and the local polar
environment, allow (egn. 3.2) to be calculated for a high throughput of samples. Extending
this approach to the sensitized solutions clarifies the relative populations of the pyrene
monomer and excimer after TTA. In each sensitized solution, the concentration of Ir(ppy)s
is maintained at = 50 uM with an excess of the annihilator to mitigate energy transfer back
into the sensitizer. However, due to the spectral overlap of the pyrene monomer and
Ir(ppy)s’s metal-ligand charge transfer (MLCT) band®, energy transfer back into the

sensitizer cannot be entirely excluded, although such energy transfer will eventually result
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in population of the pyrene triplet as Ir(ppy)s is both significantly quenched by pyrene and
has an ISC approaching unity.
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Figure 3.4 Fitting of the fluorescent spectra for several solutions of pyrene in THF. At the

lowest concentration (a), the weight of the excimer component is effectively zero and

increases in the more concentrated (b,c) samples. Areas of the monomer (blue) and excimer

(green) components are overlaid on top of the experimental data (black), in addition to the

overall fit (red, dashed).
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Figure 3.5 Sensitized up-conversion spectra for = 3 mM pyrene sensitized with = 50 uM
Ir(ppy)s. (A) The streak camera image of the time-resolved photoluminescent spectra in a
1 ms window. The remainder of the time window is integrated to produce the 2D
fluorescent spectrum in (b) and is normalized to highest intensity in the upconverted
spectrum. The overlaid fit is used to determine the relative areas of the monomer and
excimer population.

In the upconverted solutions, the sensitizer is stimulated with a 250 ps pulse and
emits its photoluminescence throughout the duration of the pulse (Figure 3.5a). Neither
the pyrene monomer nor excimer fluorescence is observed until almost 50 s into the pulse.
At higher concentrations of pyrene, the Ir(ppy)s luminescence expires almost immediately
after the pulse ends. Integration of the time window after the pulse concludes reveals the
upconverted spectrum (Figure 3.5b) with the absence of Ir(ppy)s, which is then fit using
(egn. 3.1). Due to differences in the spectral sensitivity of the steady state and time-resolved
spectrometers, the parameters for the 13 peaks need to be reanalyzed for the upconversion
experiment. Peak positions agree within 0.3 and 3% for the monomer and excimer

respectively, and as seen in Figure 3.5b, still adequately captures the upconverted
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fluorescence. Becoming a larger issue at higher concentrations, self-absorbance of the
monomer emission distorts the spectrum and requires treatment to remove this inner-filter
effect. This correction is performed similarly to previous examples in the literature®! using
(egn. 3.3)-(eqn. 3.4).

k(A) = Asoin(A, b) + Asoin(Aigsers b)

(egn. 3.3)

1y(4,b)k(A, b)
1 —exp(—«x(4, b))

Leorr (/L b) =

(eqgn. 3.4)

where I, is the observed fluorescence, Ag,;,, is the optical density of the solution at that
specific wavelength 1 and beam-path b , and ;.. IS the excitation wavelength.
Surprisingly, the upconverted spectra exhibit a suppressed 0-0 peak intensity even after
self-absorbance has been corrected and is perhaps the first indication of an increased local
concentration. When compared to their counterparts in direct excitation, the upconverted
solutions exhibit an enhanced excimer fluorescence which is most apparent at higher
concentrations (Figure 3.6), further supporting an increased local concentration following
upconversion. If TTA is proceeding through a DET mechanism, then intermolecular
distances resultant from the correlated triplet pair ought to be in the sub-nanometer regime,
which would lead to a drastic increase in local pyrene concentration. One would then
expect the excimer enhancement to be most pronounced at the lower concentrations (< 10

4 M) of pyrene, but here the effect is barely observable.
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Figure 3.6 Steady state (a,b) and upconverted (c,d) fluorescent spectra for solutions of
pyrene in THF. There is significant enhancement in the excimer signal after TTA in
concentrated (>10-3 M) solutions, with a minor effect in lower concentration (<10 M).
Due to the spectral resolution of the instrument, the upconverted spectra terminate at = 545
nm. For the sensitized solutions, = 50 uM Ir(ppy)z is used to generate the triplet population.
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Figure 3.7 Time-resolved photoluminescent decays for the direct excitation of de-aerated
pyrene solutions in THF. The self-quenching evident in the monomer spectrum (a) results
in the formation of the excimer and the slope accompanying Stern-Volmer type plot (b)
reveals the rate of excimer formation Ksorm.

Table 1 Comparison of photophysical rate constants for pyrene (Kmono, Kform, Kexc) and
Ir(ppy)s (Kirppy)3) and their respective solvent viscosities (1).

This work ref. 36 ref. 32 ref. 36
Solvent THF cyclohexane decane toluene
n (mPa-s) 0.456 %7 0.894 %7 0.838 ¥/ 0.56 %7
Kmono (S1) 3.40 x 10®° 2.25x10%° 2.38 x 106 -
Kform (M'l S'l) 2.30 x 10° 6.7 x 10° 3.11 x 10° -
Kexc (s72) 1.29 x 10" 1.55x 107 2.78 x 107 -
Kir(ppy)3 9.8 x 10° - - 1.0 x 106

To shed light on this phenomenon, it is necessary to return to pure solutions of
pyrene and Ir(ppy)s to analyze the diffusion limited rate of excimer formation. Although
pyrene has been extensively studied in non-polar solvents®> 3, there is limited information
on the excimer kinetics in THF. The rate of excimer formation can be extracted from a
Stern-Volmer type analysis (Figure 3.7b) of the apparent monomer fluorescent lifetime

(Figure 3.7a). The solvent properties and kinetics are summarized in Table 1 and
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demonstrate rates comparable to literature®? %6 38 in all but Krorm. It is emphasized that the
solutions of THF in this work are not dried, and since no precautions were taken to limit
water content, it is possible that these solutions had a significant amount of water co-
dissolved. Binary solutions of water and THF can become quite viscous (> 1 mPa-s) as
water content increases®, and thus the upconverted solution’s viscosity may have been
closer to decane and cyclohexane. This may explain why the rate of excimer formation
appears slower in THF but does not explain the lack of excimer enhancement in dilute
solutions. Using the Smoluchowski expression®® and diffusion data reported in the
literature, the critical encounter radii for excimer formation is tabulated below in Table 2.

Table 2 Critical pyrene encounter radii for excimer formation (R’exc) calculated from
different solvents and their respective Kform.

Diffusion Coefficient

Solvent n (mPa-s) (x10° m? s*Y) Rexc (A)
THF 0.456 %7 1.58 4 1.9
Decane 0.838 % 1.234 3.3
Cyclohexane  0.894 % 1.814 4.9

Although this is only an approximation of the encounter radius, it is evident that
the excimer is formed within nanoseconds from a singlet excited-ground state pair as long
as they are within 2-5 A of each other and ksorm is on the order of 10° M s%, It is puzzling,
then, why the upconverted fluorescence does not exclusively come from the excimer, as
this encounter radius is conducive to efficient DET and even dilute solutions of pyrene
must be within this radius. Considering that pyrene is an exothermic annihilator, relaxation
of some high lying S»" excited state formed through TTA would vibrationally relax within

a few ps®. Even at 100 ps, a pyrene molecule has a diffusive length between 1.2-4.3 A in
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these solvents, which would still be within the excimer encounter radius following TTA

and cannot completely explain this behavior.
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Figure 3.8 Plots of the E/M integrated area ratios for the upconverted spectra in a)
methylene chloride, b) ortho-dichlorobenzene, and c) tetrahydrofuran. In all three cases,
the slope for the upconverted solutions is increased by ~ 2, with no obvious effect in
increased viscosity. In each upconversion series, the concentration of pyrene is within 10
5.3.5x10° M with a sensitizer concentration of ~ 40-50 UM.

The upconversion experiment is repeated in de-aerated dichloromethane (DCM)
and orthodichlorobenzene (ODCB) to exclude any secondary effects that could be caused
by water content. Although similar in dielectric strength, ODCB is over three times as
viscous as DCM and is a good candidate for directly comparing the diffusion limitation of
excimer formation following TTA. In all three solvents, excimer enhancement is more
pronounced at higher concentrations of pyrene with E/M of 0 when extrapolated at the
infinitesimal limit (Figure 3.8). Plotting these ratios against the concentration of pyrene
reveals a factor of = 2 increase in the slope for upconverted spectra, regardless of the
solvent viscosity. For pyrene in the absence of sensitization, careful solution of the kinetics

reveals the relationship E/M in (eqgn. 3.5).
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E &, % [Pyr]
M q)monokexc

(egn. 3.5)

The quantum yield for the pyrene monomer is well established, but little to no data
exists on the quantum yield for the excimer in solution and typically only relative yields
are reported. Unfortunately, the competing, interdependent pathways in the sensitized TTA
kinetics prevent a neat solution for the E/M as seen in (egn. 3.5). As such, the origin of the
twofold increase is not apparent as intermolecular distances immediately after TTA would
be nearly an order of magnitude greater at the infinitesimal limit. The slopes from Figure
3.8 are summarized in Table 3, where the direct excitation data suggests an inversely
proportional dependence on solvent viscosity. As E/M « Kfrm, Which is a diffusion limited
rate, this is not altogether surprising. This would also suggest that the true viscosity of the
wet THF solutions were in excess of 1.3 mPa-s, corresponding to a water content of 70%
or greater, which is improbable as solutions were sealed in scintillation vials and had
limited time to absorb water from the atmosphere. Nevertheless, the viscosity does not have
an impact on the excimer enhancement, and in all three cases, extrapolates to an intercept
of zero.

Table 3 E/M ratios and their concentration dependence for directly excited and
upconverted solutions of pyrene.

Slope
Solvent  m (mPa's) | Upconverted Direct Excitation Factor
DCM 0.413 % 2010 + 40 1000 + 10 2.02 +0.02
ODCB 1.324 % 1670 + 60 808 + 7 2.07 +0.04
THF >(.456 %7 1120 + 60 510+ 11 2.18 +0.06
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At both extremes of solvent viscosity, there does not appear to be any pre-formation
of excimer within the pulse duration, nor do the E/M trends suggest any non-zero E/M ratio
at the infinitesimal limit. In the 1 ms time windows used for the experiment, the temporal
resolution is only 2 ps and given that the excimer lifetime is on the order of nanoseconds,
it is likely that this formation is faster than the instrument’s resolution, causing the
monomer and excimer to appear simultaneously (see Figure 3.5). This does not, however,
explain the limited excimer in very dilute, upconverted solutions. If the encounter radius
for TTA was instead on the order of 1 nm, then the annihilation products would be free to
diffuse through the solution where the locally increased concentration would still benefit
excimer formation but not exclusively form the excimer. There are surprisingly few studies
that investigate the kinetics of excimer formation following TTA/SF, with conflicting
conclusions on the role that the excimer plays®® 2’. Without commenting on relative
efficiencies of TTA or excimer fluorescence, it is evident through this work that TTA must
not operate exclusively through a DET type interaction involving a charge transfer
intermediate and other mechanisms must be at play. Thus, efforts to stabilize the excimer
and charge-transfer states to improve TTA might be a fruitless endeavor and the
intermolecular spacing of the annihilator may not be so critical once it approaches the
nanometer limit. Still, functionalization of the annihilator to prevent loss to the excimer
remains an avenue to improve solid-state, light harvesting layers based on these sensitized,

upconverting materials.
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3.3 Conclusion

Through time-resolved photoluminescence, directly excited and sensitized
solutions of pyrene are investigated in THF, DCM, and ODCB. In all three solvents, the
E/M is enhanced and demonstrates a twofold increase in concentration dependence after
TTA. At the infinitely dilute limit, E/M extrapolates to zero in all systems, suggesting that
the excimer is not pre-formed through TTA and consequently does not involve a charge-
transfer intermediate. Although there is presently no explanation for the twofold increase
in the E/M for pyrene after upconversion, the evidence pointing to a long-range mechanism
for TTA merits further exploration. In the solid state, where molecular orientation and
diffusion can be highly constrained, it may be possible to further investigate this
phenomenon. However, sensitization for upconversion in the solid state can be difficult to
achieve and is typically performed in elastomers or gels*. If phase separation can be
avoided, co-deposited films of sensitizers and annihilators may provide a useful analog to

this experiment and provide further insight to the photophysical limitations of TTA.
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Chapter 4.  Distinguishing between Triplet-Pair State and Excimer Emission in

Singlet Fission Chromophores Using Mixed Thin Films

Since the excimer is not directly formed by TTA in pyrene, then the encounter distance
required for up conversion must be incompatible with the excimer formation and thus
renders it as a parallel decay channel for the singlet instead of mediating photon
upconversion. Similarly, in photon down-conversion films, spectral evidence of the
correlated triplet pair intermediate of singlet fission may be observed with Herzberg-Teller
coupling. However, it lies energetically close to the red-shifted luminescence (RSL)
typically caused by excimers in the solid state. This chapter identifies the source of RSL in
blended films of ADT, TET, and 6PH and establishes the excimer as a relaxation pathway
occurring in parallel to SF, analogous to TTA system studied in the previous chapter.
4.1 Introduction

In the optimization of organic optoelectronic devices, a crucial part is understanding
the mechanism and contribution of loss channels. To obtain deeper insight into the involved
processes, photoluminescence (PL) spectroscopy is a well-suited method, as it not only
allows the detection of nonradiative channels via quenching but also is sensitive to specific
radiative channels such as the population of trap states or excimer formation, both of which
can be readily identified by spectroscopic signatures red-shifted from the exciton emission®
2, Similar signatures are of particular importance for a specific class of organic
semiconductors, namely singlet fission (SF) materials, as they can give insights into the
details of this multistep, technologically relevant®, process. SF describes the spin-allowed
fission of a singlet exciton into two triplet excitons via an electronically coupled triplet-
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pair state (}(TT)) of singlet character* and has been successfully studied inter alia>’ via PL
spectroscopy to elucidate the nature of the triplet-pair state intermediate and the related
pathways of triplet-pair formation and triplet separation®6,

However, one complication that arises in the investigation of SF materials by PL
spectroscopy is the fact that the intermediate 1(TT) state is a dark state!’ that becomes only
emissive via Herzberg—Teller coupling'® > 820 The resulting red shift of the
corresponding emission compared to the energy of the }(TT) state leads to an overlap of its
spectral signature with other contributions at low photon energies such as excimers? % 12
14,2126 or trap-state emission™ 1*1°, This poses the experimental challenge to disentangle
the various contributions leading to emission features at low photon energies (in the
following referred to as red-shifted luminescence features (RSL)) and to clarify whether
the related states mediate SF% 1216212729 or constitute a loss channelt 1415 22,23, 25, 30-34.
This question directly relates to an ongoing debate in the literature, which concerns the role
of excimer formation in the SF process®®: 12 14.21-26,31.34 'Excimers as a competing channel
for SF have been observed experimentally in tetracene (TET)Y: 4 34 35 and
antradithiophene (ADT) derivatives?® 3, but have also been proposed as an intermediate
state for SF027: 36,37,

The challenges preventing a general elucidation of the nature of the many possible
states which can cause RSL (Xrsr) in thin films of SF materials arise from the above-
mentioned ambiguity in the assignment of spectral signatures®® 13 16.20.34 (10 13 16,20,34)
and the lack of a tunable parameter that affects the energetic position of trap state emission,

L(TT) state emission, and excimer emission differently. Here, we address this open question
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in ADT, a chromophore whose derivatives have been reported to exhibit both SF and
pronounced RSL?°. ADT is codeposited with two spacer compounds to continuously
change the intermolecular interactions, the number of nearest neighbors, and the
polarizability of the local molecular environment. The spacer molecules TET and [6]-
phenacene (6PH) are chosen to have singlet energies greater than that of ADT, making
energy transfer from ADT to the spacers unlikely. The resulting changes in the dynamics
of the different decay channels are probed by time-resolved PL spectroscopy (TRPL).
Comparing the photoluminescence behavior of ADT in blends with spacer molecules of
high and low polarizability®®, TET and 6PH (see Figure 4.1a), respectively, with ADT in
solution, allows us, first, to confirm the occurrence of SF in ADT and, second, to
distinguish between spectral contributions of the }(TT) state, trap states and excimers. We
identify the latter as a parallel pathway to SF in ADT, allowing for a refinement of current

models on the role of Xrs. debated in the literature®® 4.
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4.2 Results and Discussion

Figure 4.1 (a) Chemical structure of the investigated molecules. For ADT, the two isomers
present in our samples are shown, see Supporting Information for details. (b) Out-of-plane
lattice spacing and (c,d) in-plane unit cell parameters (c) a and (d) b, determined by X-ray
diffraction. The faded data points indicate the unit cell parameters determined for the
second polymorph of ADT or TET. Note that the in-plane unit cell parameters do not differ
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significantly between the two polymorphs of TET.

The ADT used here contains two different isomers, anti-ADT and syn-ADT (see
above), with a mixing ratio of 1:1, expected from the synthesis pathway°. Purification of

ADT in relevant quantities by HPLC or zone refinement is challenging inter alia due to its
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poor solubility*® 4!, However, both isomers show very similar single crystal unit cells*,
which makes it unlikely that the mixture of both isomers creates a much different structure,
which is in agreement with our X-ray diffraction data. Although the chemical structures of
the two isomers have different symmetries, DFT calculations yielded very similar S1«<So
transition energies and similar orientations of the corresponding transition dipole moment
(TDM) compared to the long axis of the anthracene core of the molecule for both isomers
(Table 4), suggesting a very similar photophysical behavior in the S; state of both isomers.
The differences between the isomers for transitions to higher states (S2-Se) are expected to
play a minor role in the photophysics at hand, as the processes discussed here are expected

to take place after the molecular entity has already relaxed to the S; state.
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Table 4 Energy, oscillator strength and TDM orientation for the energetically lowest six
allowed optical transition. DFT calculations made after geometry optimization using the
B3-LYP exchange correlation function and ref-TZVP as a basis function? The given angle
is the angle between the TDM of the respective transition and the long axis of the
anthracene core of the molecule. For all transitions the TDM is in the molecular plane.

Molecule  Electronic transition ~ Energy  Osc. Strength  TDM orientation®

anti-ADT S1+ So 2.449 eV 0.0641 58°
anti-ADT S2 «— So 3.372eV 0 —
anti-ADT Sz« So 3.411eV 0.00093 72°
anti-ADT Sa—So 3.796 eV 0 —
anti-ADT Ss < So 4.293 eV 0.458 4°
anti-ADT S < So 4.342 eV 1.849 1°
syn-ADT S1+So 2.457 eV 0.0436 90°
syn-ADT S2 < So 3.310 eV 0.00510 0°
syn-ADT Sz« So 3.418 eV 0.0118 0°
syn-ADT Ss « So 3.888 eV 0.2789 0°
syn-ADT Ss «— So 4.288 eV 0.00211 87°
syn-ADT Se < So 4.424 eV 2.1697 0°
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Figure 4.2 GIWAXS maps of ADT:6PH blends with 0 % (a), 5 % (b), 25 % (c), 50 % (d),
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for anti-ADT and syn-ADT (6PH) based on literature values. In the neat films only the
respective positions are given.
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Figure 4.4 (a,b) XRR scans and (c,d) grazing incidence X-ray diffraction (GID) scans
extracted by integrating the GIWAXS data in Figure 4.2 and 4.3 over g, in a range of 0.1
—0.3 A of ADT:6PH (a,c) and ADT:TET (b,d) blends. Data are offset for clarity.

The XRR-data shown in Figure 4.4a-b show a continuous shift of the Bragg peak
position with ADT concentration between the positions of the neat films. The same trend
can be seen for the position of the in-plane Bragg peaks in ADT:6PH mixtures (Figure
4.4c), while for ADT:TET mixtures the changes in the in-plane structure are too small
between the mixtures to find a clear trend (Figure 4.4d). The latter can be rationalized by
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the fact that neat ADT and neat TET have very similar in-plane unit cell parameters*® 4,
We can conclude that the molecules in the neat films and in all the mixtures form a
herringbone structure since the (1 0 0) and (0 1 0) peaks* are suppressed in the reciprocal
space maps (Figure 4.2 and Figure 4.3) and the GID line scans (Figure 4.4c-d) which is
common for herringbone structures**. We extracted the unit cell parameters from the data
in Figure 4.4 by Gaussian fits assuming a monoclinic unit cell for the calculation of the in-
plane lattice parameters and we find the above-discussed trend confirmed. From this we
conclude that both mixed systems exhibit statistical intermixing, which means that a
common lattice is formed in which the lattice sites are occupied statistically by molecules
of either compound depending on the mixing ratio*® 4. This is further confirmed by the
continuous shift of the position of the So — S1 absorption peak in Figure 4.5. This shift is
attributed to changes in the polarizability of the molecular environment due to the
incorporation of spacer molecules (TET or 6PH)*. Since polarizability is a short-range
effect, this shift also points towards statistical intermixing. Lastly, we note that for neat
ADT and neat TET some of the Bragg peaks are doubletts and had to be fitted with two
Gaussian functions, which results in two possible lattice parameters in Figure 4.1. The
Bragg peak with a higher integrated intensity was taken as the reflection of the prevalent
structure, while the lattice parameters calculated from the Bragg peaks with less integrated

intensity are displayed in faded colors in Figure 4.1.

85



—5%
25%

—75%
—100%

(=]

w
o
w

3025

o
N

o
N

Absorption (a.u.)

Absorption (a.u.)
o

o

0
15 2 25 3 35 15 2 25 3 35 15 2 25 3 35
Energy (eV) Energy (eV) Energy (eV)

Figure 4.5 Absorption spectra of the neat films (a), ADT:6PH blends (b) and ADT:TET
blends (c).

Since the two isomers of ADT are structurally and optically similar, we do not expect
differences in the steric compatibility, the mixing behavior, or the intermolecular
interactions of the two ADT isomers with the spacer molecules (TET and 6PH) studied
here. Also, most previous studies on optical and electronic properties of ADT and its
derivatives use a mixture of both isomers as well*® 454°, (13,40—44) In the following we
will thus refer to the isomerically mixed material as ADT. The structural properties of the
two mixed systems (ADT:TET blends and ADT:6PH blends) are summarized in Figure
4.1b-d. There are clear differences in the dependence of the in-plane unit cell parameters
a and b on the ADT concentration. While these parameters continuously increase with
decreasing ADT concentration in blends with 6PH, they remain constant in blends of ADT
with TET. This is consistent with statistical intermixing and with the fact that the neat ADT
and TET films have comparable in-plane unit cell sizes, while it is clearly larger for neat
6PH (Figure 4.1c-d). Since the in-plane unit cell parameters describe the plane in which
the molecular interactions are strongest®, any changes in these parameters might affect the
related intermolecular electronic coupling®®® and, consequently, the photophysics.

However, by comparing two mixed systems with different trends, we can estimate the
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impact of such structural changes on the PL spectra and the underlying excited state

dynamics.
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Figure 4.6 (a,b) Quasi-steady-state PL spectra of ADT:6PH (a) and ADT:TET blends (b)
with different mixing ratios. The photon energy of the excitation was 2.54 eV. (c,d)
Energetic shift of the RSL, the RSL at late times and the exciton peak position in ADT:6PH
(c) and ADT:TET (d) blends compared to the respective positions for neat ADT. The red
and blue lines are guide to the eye for the peak shift of the exciton (blue) and the RSL (red),
respectively. (e) Energetic shift of the RSL against the shift of the free exciton emission
for ADT:6PH and ADT:TET.

The steady-state PL spectra of the different samples are shown in Figure 4.6. The PL
spectrum of neat ADT is dominated by two transitions, one at 2.21 eV, which we assign to
emission of the free exciton based on the spectral shape and the small Stokes shift of 70

meV (S1 < So in absorption at 2.28 eV from Figure 4.5). The second emission peak occurs
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at 1.95 eV, red-shifted by AE =260 meV compared to the first emission peak. This spacing
is too large for a vibronic progression of the free exciton, which we would expect around
AE = 150 meV based on the vibronic progression of the absorption spectrum (Figure 4.5),
and we thus assign it to the before-mentioned RSL that has been observed also for other
SF compoundslo' 11, 13, 14, 16, 20, 30.

Now considering the PL spectra of the blends, a first interesting result is the
independence of the spectral shape on the codeposited compound and the dominant ADT
contribution as can be seen in Figure 4.6a,b. The PL spectra of the ADT:6PH blend with
5 % ADT are dominated by emission from ADT molecules surrounded by only 6PH
molecules and, thus, resemble the PL spectrum of ADT monomers. Due to their isolation,
obviously, these ADT molecules are not capable of singlet fission or excimer formation.
For the ADT:TET blend with 5 % ADT, however, different photophysics are observed.
This is due to two factors. Firstly, in this blend TET is excited as well, which means that
TET luminescence is expected to be observed. Secondly, the isolation of ADT molecules
increases the energy of Si, which allows for energy transfer from these isolated ADT
molecules to TET. This energy transfer is competing with radiative decay of the exciton
and therefore lowers the ADT luminescence intensity compared to that of the respective
ADT:6PH blend.

In the following, we will restrict the discussion to blends with ADT concentrations
above 5%. Comparing the positions of the two main features in neat ADT with their
positions in the PL spectra of the blends (see Figure 4.6¢c-d), we observe a continuous shift

to higher photon energies with decreasing ADT concentration in all cases, which can be
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explained by changes in the polarizability of the local molecular environment in the blends
compared to the neat film. The absolute value of the shift follows the optical band gap of
the spacer molecules and the related polarizability®, since the observed shift is larger in
blends of ADT with the high band gap (low polarizability) spacer molecule 6PH compared
to the low band gap (higher polarizability) spacer molecule TET. Further comparing the
shift of the free exciton emission and the RSL for all blends, we find that the shift is more
pronounced for the latter (see trendlines in Figure 4.6¢-d), implying that XgrsL iS more
sensitive to changes in the polarizability of the environment than the free exciton. This
increased sensitivity can be rationalized by a stronger charge transfer (CT) state
admixture®>>4, which has been observed for excimers® % and gives us first insight into the
nature of XrsL. An additional noteworthy finding is the decrease of the intensity of the RSL
relative to the free exciton emission with decreasing ADT concentration. For processes
which strongly depend on interactions between neighboring molecules, like excimer
formation or triplet-pair state formation, such an intensity decrease results from the
replacement of nearest ADT neighbors by TET as well as 6PH*. Importantly, as the
probability for a given number of ADT neighbors follows a binomial distribution** and is
thus independent of the molecule (TET or 6PH) replacing ADT, this intensity decrease is
identical in ADT blends with TET or 6PH. To summarize these first results, the coexistence
of the RSL with emission of the free exciton makes these ADT based blends an ideal model
system to investigate the origin of the RSL and its impact on SF using TRPL

measurements.
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Table 5 Time constants determined from exponential fits of the TRPL time traces

ADT concentration 0% 5% 25 % 50 % 75% 100 %
ADT:TET exciton decay 50ps 64 ps 47 ps 42 ps 32ps 22ps
ADT:6PH exciton decay 877ps 113 ps 47 ps 38ps 22ps
ADT:RSL decay 1217 ps 1342ps 1075ps 949ps 716 ps

Table 6 Spectral integration interval of the TRPL time traces. Each interval is centered
around the luminescence peak position of the respective species and hence depends on the
mixing ratio, the spacer molecule, and the excited state species of interest. All spectral
intervals in the table are given in eV.

ADT conc. 0% 5% 25% 50 % 75 % 100 %

ADT:TET 2.26-2.39 2.26-2.39 2.26-2.39 2.23-2.35 2.21-2.34 2.16-2.28
exciton

ADT:6PH 2.32-2.60 2.23-2.49 2.18-2.42 2.15-2.38 2.13-2.37
exciton

ADT:6PH 2.09-2.32 2.02-2.23 1.97-217 1.94-2.14 1.93-2.12
RSL

Table 7 Optical bandgaps, determined by the energy of the lowest possible optical
transition of the absorption spectrum, and HOMO and LUMO energies, ADT and 6PH
calculated by DFT (B3-LYP/ref-TZVP), TET from Ref. 56.

Molecule ADT TET 6PH

Optical bangap  2.28eV  2.39eV  3.18eV
HOMO -5.0evV  -49eV  -57eV

LUMO -22eV  -21eV  -l16eV
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Figure 4.8 Time traces of the PL intensity decays of the exciton and the RSL for ADT:6PH
blends of different mixing ratios. The dip in the data at half the time range of each
respective measurement is an artifact of the setup.
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Figure 4.7 Time traces of the PL intensity decay for ADT:TET blends of different mixing
ratios.
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The optical bandgaps of ADT, TET®®, and 6PH are calculated and summarized in Table
7. Time traces extracted at the energetic position of the free exciton emission and the RSL
are shown in Figure 4.8 andFigure 4.7 and have been analyzed by fitting to a biexponential
decay (Table 5). In thin films the free exciton emission decays generally faster than the
RSL and, in addition, exhibits a higher sensitivity to changes in the ADT concentration.
The rates of the free exciton decay decrease linearly with decreasing ADT concentration
independent of the spacer molecule (see Figure 4.10a-b). This, in combination with an
increased decay rate of the free exciton emission of a neat ADT thin film compared to ADT
in solution from Figure 4.9a gives insight into the photophysics of ADT. In solution, ADT
exhibits a decay rate of 0.57 ns™!, while in the polycrystalline solid state a new, much more
rapid decay process with a rate of about 42 ns appears. Furthermore, the linear
dependence of this decay rate on the ADT concentration in blends demonstrates that two
nearest neighbors are involved in this rapid decay and that the increase in lateral spacing
with decreasing ADT concentration plays a minor role. On these time scales, SF is the most
probable candidate for this system, also because SF has already been reported to occur in
a variety of ADT derivatives' 2% %, |mportantly, we can not only conclude that SF is the
main decay path of the free exciton, but our results for ADT blends also allow us to
elucidate its microscopic mechanism. The linear dependence of the SF rate on the
chromophore concentration has been observed before for TET and referred to as the
replacement effect** 7, indicating that SF occurs via incoherent population transfer from
S; to }(TT). The deviation from this linear dependence found for TET blends with low

ADT fractions can be explained by the similar band gaps of ADT and TET, which makes
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an excitation of solely ADT impossible and can also enable an energy transfer from ADT

to TET. Hence the excited state dynamics of TET have to be considered for these blends
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Figure 4.9 (a) Time traces of the singlet exciton emission of ADT in CHCI3 solution and
in a neat ADT film. (b,c) Time traces of the free exciton emission in (b) ADT:TET and (c)
ADT:6PH blends with different ADT concentrations, (d) time traces of the RSL in
ADT:6PH blends with different ADT concentrations. ADT concentrations of the blends
are given in molar % in the legend. The intensity is scaled logarithmically.

as well.

The ADT:TET mixtures are a prototypical system for heterofission, where the
spontaneous fission of a singlet exciton leads to two triplets on chemically distinct
molecules (here one triplet on ADT and one triplet on TET), since both SF chromophores

have almost the same bandgap. Signs of heterofission are expected to be most pronounced
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in the decay dynamics of the mixtures with 25 % ADT and 5 % ADT (Figure 4.6b and
Figure 4.9), since there the PL signal has significant contributions from both, ADT, and
TET. In these two mixtures there are two main relaxation paths for TET singlet excitons,
namely TET SF and energy transfer to ADT and four decay paths for ADT singlet excitons,
namely ADT SF, RSL state formation, fluorescence, and energy transfer to TET.

In the mixture with 5 % ADT, the decay paths of excitons on ADT and TET cannot be
fully disentangled due to energy transfer between ADT and TET, but it is noteworthy that
the time scale of the averaged singlet exciton decay is slower than expected from the
replacement effect** > of TET alone, see Figure 4.6b in the main text. This indicates a
significant contribution of long-lived singlets on ADT molecules isolated in a TET matrix
and, thus, allows us to exclude heterofission of an ADT singlet into triplets on ADT and
TET as a possible fast decay channel, which would lead to a fast quenching of long-lived
emission. In contrast, in the 25 % ADT mixture a surprisingly high rate for SF is found
compared to the expectation based on the replacement effect (Figure 4.6). This is probably
caused by the coexistence of two comparably fast decay channels for TET singlets, one
being TET SF and the other one being energy transfer to ADT followed by singlet
homofission in ADT. We note that energy transfer from ADT to TET is unlikely here since
the energy of S; of ADT is now lower than that of TET.

Since SF is mediated by states comparable to Xrs. in ADT derivates® 2, the dynamics
of the RSL also give insight into the SF mechanism. The temporal evolution of the RSL
intensity in Figure 4.8 allows us to conclude that Xrs is formed on a time scale faster than

the instrument response (<10 ps) and, furthermore, that population transfer from the
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exciton to XrsL can be excluded as the major decay channel for the free exciton due to the
lack of an increase in RSL intensity on the time scale of the free exciton emission decay.
Lastly, the intensity decay of the RSL follows a similar trend with changing ADT

concentration as that observed for the free exciton (Table 5), although less pronounced.
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Figure 4.10 (a,b) Evolution of the SF rate and RSL decay rate of ADT:6PH (a) and
ADT:TET (b) blends. For SF based on incoherent population transfer a linear behavior
with changing ADT concentration is expected according to the replacement effect (r.e.) as
sketched in the graphs. Note that the decay rate for 5% ADT in (a) might be dominated by
the decay of excitons on isolated ADT molecules and that the decay rate for 100% ADT in
(a,b) is close to the instrument resolution, which is 10 ps. (c,d) Time-integrated PL spectra
of ADT:6PH blends in the time range (c) 0 to 2 ns and (d) >4 ns (100%, 75% ADT), >8 ns
(50% ADT), >40 ns (25%, 5% ADT). Excitation at 400 nm, data noise filtered and
vertically offset for clarity. (e,f) Sketches of possible decay mechanisms.

In order to shed further light on the decay dynamics, PL spectra of the different
ADT:6PH blends have been extracted by integrating the intensity over two time windows.

For the first, short time window, a time interval between 0 and 2 ns was chosen in which
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both the exciton emission and the RSL are observed for blends with ADT concentrations
above 5%. The starting time for the second, longer time window was chosen individually
for each blend such that the decay of the exciton emission was almost complete. A
noteworthy result of the comparison of the spectra in these two time windows is the shift
of the RSL to lower energies with increasing time (compare Figure 4.10c and Figure
4.10d). This points toward the existence of energetically low-lying sites such as grain
boundaries where Xgs_ is long-lived** 5% 57 58 and which are populated via exciton
diffusion, dominating the spectrum at late times. Importantly, the simultaneous observation
of exciton emission and RSL at short times indicates that Xrs. can also be formed within
crystalline domains of the polycrystalline mixed films, i.e., is not unique to defect sites.
However, the low-lying defect sites provide an additional decay channel via exciton
diffusion, leading to the observed red shift of the RSL. This interpretation is supported by
Figure 4.6¢, where the change in peak positions of the RSL in the late time window with
changing ADT concentration is also shown. We find the same trend as in the steady state
PL data, suggesting that XrsL exhibits the same sensitivity on changes in the polarizability
of the local molecular environment, independent of the time window, and, thus, also a high
CT admixture, indicating that it is the same state in both time windows.

Based on these results and in particular considering the different response of the two
decay channels (exciton vs RSL) to changes in the polarizability, we can now discuss the
nature of XgrsL and its role in the SF of ADT. The most important result is its dependence
on the polarizability of the local molecular environment, for which we use the change in

the energy of the free exciton emission as a measure. When Figure 4.6¢ and d are

96



compared, clearly, both the free exciton emission and the RSL follow similar trends with
decreasing ADT concentration and changes in the band gap of the codeposited compound.
As discussed before, the main reason for the shift in energy of the exciton emission is a
change in the polarizability of the local molecular environment, and the same reasoning
has also been applied to the shift in RSL energy. However, plotting both shifts against each
other gives interesting insight into the above-mentioned CT state admixture to Xgs.>> %%, It
allows us now to elucidate the nature of XrsL and, in particular, to distinguish between an
excimer and the triplet-pair state (*(TT)) as possible origins. The former is expected to be
highly sensitive to changes in polarizability due to a large CT admixture?. Consequently,
the corresponding shift in the energetic position of the excimer emission with changing
mixing ratio (and, thus, changing polarizability of the local molecular environment) should
be larger than that of the free exciton emission and the slope in Figure 4.6e becomes >1.
For the second case, in order to understand the sensitivity of the (TT) state to changes in
the polarizability, the exact nature of this state has to be discussed first. The 1(TT) state
consists of not only two triplets but also a small admixture of other states, for example of
the CT state® 8 making the sensitivity of the *(TT) state to changes in the polarizability
slightly higher than that of uncorrelated triplets®®. However, the admixture of these states
can be considered small for several reasons. From a theoretical standpoint, calculations on
pentacene®” % and tetracene® only showed a small admixture of these states to the *(TT)
state and since SF is occurring via the coherent mechanism in pentacene*, while, in
contrast, we showed that in ADT the incoherent SF mechanism is driving SF, it can be

expected that the admixture of these states is even smaller in ADT than in pentacene®?.
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Additionally, from an experimental viewpoint, a large admixture of such states to *(TT)
would make the (TT) state visible in absorption and photoluminescence spectroscopy
without the need for Herzberg—Teller coupling®, which, however, contrasts with our
results. Also, a large admixture would result in a high binding energy between the two
triplets in the 1(TT) state, which would result in clear differences of the excited state
absorption fingerprints between *(TT) and uncorrelated triplets. However, previous studies
on comparable singlet fission chromophores revealed that it is generally very challenging
to find spectroscopic differences between these two'?. For such states like Y(TT), which
have a dominant triplet pair contribution and only a small CT state admixture, the energetic
position of the corresponding emission is expected to be more stable upon changes in the
polarizability of the local molecular environment due to a stronger localization of the
corresponding excitation. Hence, if Xgrs. was of Y(TT) nature, a slope < 1 would be
expected in Figure 4.10e. Clearly, the slope in Figure 4.10e is larger than 1,
unambiguously demonstrating that Xrs, the state related to this RSL, has a large CT state

admixture and, thus, is of excimeric rather than of (TT) character.
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Figure 4.11 (a) Emission spectrum of a neat ADT thin film and an ADT single crystal.
The single crystal spectrum has been performed with a LabRam HR 800 spectrometer
(HORIBA Jobin Yvon, France) as well as a frequency-doubled Nd:YAG laser for 532 nm
excitation wavelength. The crystal was kept under vacuum during the measurement. (b)
PL quasisteady-state spectrum of ADT in solution. The peak at 2.7 eV is a scattering peak
and hence not related to electronic transitions, the peak at 2.5 eV is assigned to the exciton
and the peak at 2.3 eV to its vibronic progression.

Now, after Xrs. was identified as an excimer, the remaining question is whether it
mediates SF or is a loss channel. We can rule out the excimer as the mediating species
based on the lack of a concomitant increase of excimer luminescence on the time scale of
the exciton decay (Figure 4.9c-d). Instead, two scenarios for the interrelation of excimer
formation and SF are proposed (Figure 4.10e-f). In the first scenario photoexcitation leads
to a nonrelaxed S; state, from where either ultrafast exciton relaxation to the free exciton
band, followed by SF, or excimer formation can occur (Figure 4.10e). The second scenario
assumes that excimer formation is facilitated at trap sites such as grain boundaries, while
for the other sites SF is the dominant decay channel (Figure 4.10f). Since pronounced
excimer emission is also observed in single crystals (Figure 4.11), despite the lack of grain
boundaries and presumably a lower density of trap sites, the scenario in Figure 4.10e is
favored. Importantly, neither the formation nor the decay of this excimer directly affects
the SF process, suggesting neither a direct competition between SF and excimer formation
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nor a mediation of SF by the excimer state in ADT, but instead the coexistence of two
parallel channels at room temperature.
4.3 Conclusion

In conclusion, ADT blends with weakly interacting spacer molecules are a promising
approach to clarify the origin of RSL features in PL spectra of SF materials. They allow us
to clearly distinguish contributions from excimer and triplet-pair state emission based on
their different response to changes in the polarizability of the local molecular environment
and, thus, shed light on a current debate about the role of emissive states in molecular
systems that undergo SF. Generally, this approach can be used to clarify the nature of RSL

states in a variety of chromophores.
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Chapter 5.  Analysis of Molecular Photomechanical Performance Using a One-

Dimensional Harmonic Model

After establishing the role of excimer formation in multi-exciton materials, we turn our
attention to an alternative application to harnessing solar energy: photomechanical work.
Photomechanical crystals and materials, however, lack an underlying theoretical model to
predict the work efficiency and the ultimate limits to a molecular photomechanical system.
This chapter remedies this deficiency with a simple, 1-D harmonic oscillator model to
establish the upper limit of work efficiency that can be expected for a single molecule
photomechanical actuator.
5.1 Introduction

The use of photons to transport energy is appealing thanks to their ability to propagate
long distances with low loss, their resistance to electromagnetic interference, and their wide
range of controllable parameters like wavelength, polarization, and coherence. Once they
reach their destination, however, photons must be converted to a more useful form of
energy, like heat or mechanical work. To generate mechanical work, one option is to
convert them into an electrical potential that can be harnessed to drive actuator devices.
This strategy requires two elements: a photovoltaic module to generate current, and a
device to convert this electrical energy into a mechanical output, like an electric motor or
piezoelectric crystal. Another option is to utilize a material that directly converts the
absorbed photon into mechanical motion without relying on free electrons and external
circuitry. Photomechanical materials have the property that their constituent nuclei change

position after photon absorption, generating a force and displacement that can be harnessed
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to perform mechanical work.:® This change in atomic coordinates could result from
heating (photothermal)*®, a change in electronic state (photostrictive)’, or a chemical
reaction (photochemical).®

The photochemical approach to photomechanical materials relies on harnessing
molecular reactions, like cis-trans isomerization, to drive deformations in solid-state
systems like polymers®*! and crystals.'>” To be useful in practical actuator devices, the
photochemical product should be able to return to the reactant state either by thermal
fluctuations (T-type reversibility) or by a second photon absorption (P-type
reversibility).!® 1 To assess the potential of this class of photomechanical materials,
specifically their efficiency and work output, it would be useful to have a simple theoretical
framework that could be used to analyze such systems at the molecular level. The Bell
model for mechanochemistry?® and the Marcus-Hush model for electron transfer 2! are
examples of semiclassical approaches based on displaced harmonic oscillators. An
analogous model for the photomechanical response of a molecule could provide the basis
for interpretation of experimental results and the design of improved materials. Such a

framework could also help address practical questions, like how the photomechanical
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approach to energy conversion compares to the photovoltaic approach in terms of figures

of merit like efficiency.

(b)

Coupling (V)
—

Energy (a.u.)

Reaction Coordinate (a.u.)

Figure 5.1 (a) Two uncoupled diabatic harmonic surfaces, centered at + Xo, with energy
offset A, that serve as the starting point for the calculations. (b) Adiabatic A+ energy
surfaces created by electronic coupling term V, along with the relevant energy gaps.

The goal of this chapter is to develop a simple one-dimensional (1D) model that
can serve as a starting point for more realistic models of the photomechanical response.
First, we introduce the harmonic model with two states, denoted |a) and |b), that correspond
to two different nuclear configurations. When an external force is applied, this simple
model generates predictions that are qualitatively consistent with standard
mechanochemistry models. We next analyze the photomechanical process and derive
expressions for the work output, blocking force, and absorbed photon-to-work efficiency
of the |a) = |b) reaction. If the starting state |a) is the stable isomer (lower energy than
|b)), we find that it is possible to attain photon-to-work efficiencies of >50%. If |a) is higher
in energy, i.e. a metastable isomer, then one-way efficiencies >100% are possible by
releasing the stored potential energy. We also analyze the effects of nonadiabatic

electronic coupling, unequal frequency potentials, and the |a)—>|b)—>|a) cycling efficiency.

109



We conclude that photomechanical materials have the potential to surpass a photovoltaic-
piezoelectric combination and approach that of a photovoltaic-motor combination. Given
that most measured photomechanical efficiencies are orders of magnitude below the
theoretical limits derived in this chapter, our results suggest that there is substantial room
for improvement in this class of materials.
5.2 Results and Discussion

The model used for our calculations is shown in Figure 5.1.22 Two harmonic potential
energy surfaces represent electronic states |a) and [b). We always assume the system starts
in state |a). The force constants are ki and Ky, respectively, and the coordinate system is
chosen so that the minima lie at +xo along the reaction coordinate in the absence of an
applied force. State |b) is offset in energy by an amount A. If A is positive, then the initial
state |a) is the lowest energy, stable state and state |b) can be associated with either a relaxed
excited state or an isomerized molecule. If A<Q, then state |a) is a higher energy, metastable
state that must be populated by some other process, e.g. previous absorption of a photon.
Finally, states |a) and |b) are coupled by an interaction term V, which we assume to be a
real number. The overall Hamiltonian is given by

H=[a)E,(al+b)Ey(bl+V (ja){b|+b)(al)
(egn. 5.1)

with

1
Ea: 5 ka (X+X0)2

(egn. 5.2)
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1
Eb= 5 kb (X-X0)2+A

(egn. 5.3)

Diagonalization of this Hamiltonian generates two adiabatic potential energy surfaces

(PESS) whose energies A+ are given by

Energy(a.u.)

xi(x)% [E (OB, (x)iJ (B (0-Ey () +4V

a) A, A
) Force (A)
A=0
.'.. *0
» *
/-
. Photomechanical
A=12 % expansion

>

Reaction Coordinate (a.u.)

(egn. 5.4)
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Figure 5.2 (a) As the force acting against photoisomerization increases, both the ground
state (A-) and excited state (A+) energy minima shift to the left. Eventually the barrier
between the ground state minima vanishes (b) The shifts in the optical gaps (AE) as a
function of applied force A. For these calculations, X0 = 11, ka= ks = 1, Astop = 11.

If a constant force A is applied that pushes the system to the left in Figure 5.1a, i.e. toward

state |a), we have an additional potential energy term U(x)=-AX. This force resists the |a)
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—>|b) reaction and modifies the Hamiltonian. If we neglect V, the new |a) and |b) PES

curves are given by

(kg 2) A
(X)) ==k (X-(-xg-— Xo-——
2 0k, 2k,
(egn. 5.5)
1 A 2 2
Eb(X):Ekb(X‘(‘l'XO'k_b)) +AXp- EJFA
(egn. 5.6)

The modified PESs are shown in Figure 5.1b. The applied force shifts the potential
minima to new positions Xa and Xp. The barrier height between the new |a) and [b) minima
(xa and xp) is lowered by the force and disappears when the potential curve of |a) crosses
through the minimum of the |b) potential well, as shown in Figure 5.2a. The force at which
the potential minimum at x, disappears is denoted the blocking force or stop-force Astop
and represents the maximum force under which the system can maintain two stable points.
Note that as A increases, the optical gaps between the [a) and |b) surfaces at stable points
Xa and Xy also changes, with the gap at xa increasing and that at x» decreasing (Figure 5.2b).

At this point, it is useful to place this model in the context of mechanochemical
systems, where the reaction rate depends on the ground state energy barrier between x, and
xa.2 If we assume that |b) is the reactant that must reach the lower energy product state |a),
we can calculate the barrier as a function of A for various parameter values. Figure 5.3
plots the barrier height AE* versus A for various nonadiabatic coupling values V. For low
A values, there is a linear dependence of AE* on A, which saturates at larger forces. This

linear dependence of AE* on A is consistent with most theoretical treatments of the effects
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of an applied force on reaction rates. >* 2> Note that the net effect is to change the thermal
|b)—>|a) rate. No thermodynamic work is performed since the motion along the reaction

coordinate is parallel to the applied force.
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Figure 5.3 The dependence of the ground state activation energy AEE_)aas the applied force
A is increased for different values of the electronic coupling V. For these calculations, ka

=kp=1, Xo=-5,and A= 0. Inset: lllustration of the ground state PES (red) showing AE}

b—a*

We now turn to the photomechanical process in which the system is forced to work
against the applied force by photoexcitation from |a) to [b). The system starts at Xa, absorbs
a photon to go to the upper surface, and relaxes to x, as shown in Figure 5.1b. The work
output W in this case is given by the usual definition of forcexdistance,

W, p=A(Xp-X,)=AAX

(egn. 5.7)
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The input photon energy is just the difference between the |a) and |b) potentials at the
starting position Xa,

AEa—>b:Eb (Xa) 'Ea (Xa)

(egn. 5.8)
With V =0, we can use (egn. 5.5-(egn. 5.8 to find:
E, ., =2kyx3+2AX, (11:—‘;) + Az(szEk*“) +A
(egn. 5.9)
W, p=2Ax,+A’ (i - i)
ky Kk,
(egn. 5.10)

These equations can be combined to obtain an expression for the [a)—> b) efficiency n__,,
I 1
2Ax)HA? (-
X0 (kb ka)

na—>b - 2
2B +H2A% (llz—:) - A—(zkﬁz' k) 1
a

(egn. 5.11)
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Figure 5.4 The photomechanical efficiency masb plotted as a function of applied force A
and different A energy offsets. These calculations were done with xo =11, ka=ky =1, and
V = 0. For these parameters, the maximum efficiency occurs at Astop.

The maximum A that can be applied to the system is limited by the necessity that there
exist two stable minima that the molecule can be switched between. In other words, the
efficiency will be maximized at Astop and this maximum efficiency is 7stp. Again, for V=0

we calculate

ky,
Astop: <ﬁ) IZkaXO-kb \/ 4kakbxg-2A(kb-ka)

(egn. 5.12)

Substituting this value back into (eqn. 5.11 allows us to obtain a general expression for the

efficiency at the stop-force (Mstop),
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2ok, A(ky-k,) -2k, kyx3+k,xg \/4kakbxg+2A(ka-kb)

Tsop™ 1232 2k kyx2+A(kyoky)
(egn. 5.13)
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Figure 5.5 The forward reaction work efficiency plotted as a function of applied force for
the system xo = 11, ka = 2.315, ky = 1, and V = 0. With sufficiently negative A, the one-
way efficiency exceeds 100%, releasing the “stored energy” captured in the metastable
state.

Note that this expression is valid for any value of A, positive or negative. In Figure 5.4
we plot 77.—b as a function of A for ka/ks =1. For this condition, 7asp IS an increasing
function of A and is maximized at Aswop for all values of A. In fact, for the most common
scenario where A > 0, the efficiency is always maximized at Aswop. Only when A <0 and
ka>ko do we find that the maximum 7.—p does not occur at Aswop but at an intermediate
force. In this case, the maximum 7a_p can even surpass 1.0 (Figure 5.5). For A <0, the

large 772> values are an artifact of our neglect of the energetic cost of preparing this state
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but serve to illustrate how the 1D system can be “pre-loaded” to produce more mechanical

energy than the input photon.
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Figure 5.6 The photomechanical efficiency nstop plotted as a function of ka/ksy for different
values of A. When A > 0, smaller ratios of ka/kp become inaccessible (and thus n = 0) as
only one stable minimum exists along under the absence of applied force.

For the remainder of this chapter, we will concentrate on the A > 0 case that is most
relevant for practical materials. Note that our model assumes the quantum yield for
isomerization is unity in all cases. The molecular parameters that determine efficiency are

ka, kb, A and V. To examine the role of the first three parameters in the limit of V=0, in
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Figure 5.6 we plot 7stop Versus the ratio ka/kp for various A values. The first observation is
that 7st0p IS maximized for A=0. For A>0, the efficiency decreases as the input energy cost
increases, as predicted by (eqn. 5.11) . The behavior of #7sop as a function of the force

constants is more complex. When ka= ko =k, (eqn. 5.13 reduces to

_ 2AXO
T oka2Ax, A
(egn. 5.14)
In this limit, Astop = kxo - A/(2kxo) and we find:
ZkX%-%
n e ——— e —
" i (1)
(egn. 5.15)

This expression leads to a maximum 7stop = 0.5 when A = 0. But the largest 7stop Values are
obtained for ka/ky > 1 for all A values, meaning that the |b) PES has a lower frequency and
a shallower well. We found a maximum efficiency 7stop 0f 0.554 for ka/ky = 2.315 and A =
0. At larger A values, the maximum 7stp decreases and shifts to slightly larger ka/ky ratios,

for example a maximum occurs at ka/ks = 3.307 when A = 100.
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Figure 5.7 (a) Ilustration of how changes in ka/ky lead to different AEasn energy gaps.
Both the energy cost and work output decrease as the ka/ky ratio increases, but at different
rates, leading to the maximum in the efficiency seen in Figure 5. (b) Plots of the available
work (black) and photon cost AEash (red) as Ka/ks increases for xo=11, V=10, and A = 0.
The photon cost asymptotically approaches 250 a.u. as ka/kp increases, while the work
continues to decrease and reduces the one-way efficiency at higher ratios of ka/ks. The
maximum efficiency occurs in the dashed region (ka/ks, = 2.315) where the photon cost has
decreased more rapidly than the work output.

The origin of the higher nswop values for ka/ks > 1 lies in the modified optical
properties, rather than the increased force generation. The lower ky value reduces the
photon energy required to make the transition between |a) and |b) surfaces, as illustrated in
Figure 6a. The different dependences of (egn. 5.9 and (eqn. 5.10 on the force constants
ka and kp, means that it is possible to dramatically reduce the cost of the AEas, photon by
lowering ky while only slightly decreasing the work output. Once ky is much smaller than
ka, however, both the work output and photon input energies decline at the same rate. This
can be seen from a plot of the Was, and AEap values as a function of the ka/kp ratio, shown

in Figure 5.7b. The 10% gain in photon-to-work efficiency for ka >ky provides a hint that
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the work output can be enhanced by tuning the molecular vibrational structure. Previous
workers have established that vibrational structure and coherence near conical intersections
can have a large impact the quantum yield of a photochemical reaction®®?® The results
presented here assume that the photochemical quantum yield is unity, so the photon-to-
work efficiency reflects how vibrational structure affects the light absorption process which
occurs far from this type of intersection of the harmonic surfaces. In a real system, the
effects of molecular vibrational structure on both the conical intersection and the
absorption energy will both have to be considered in order to accurately calculate the

overall photon-to-work efficiency.
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Figure 5.8 The photomechanical efficiency nstop is plotted as a function of the electronic
coupling V for various A values. For these calculations, xo = 5 and ka = kp = 1. Note that
larger V couplings and A values result in smaller Astop and thus mstop Values as the ground
state barrier decreases.
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If V # 0, the Astop and 7stop Values can be evaluated numerically by iteratively
solving (egn. 5.3, (egn. 5.12, and (egn. 5.13. Details are given in section 2.3.1. The
effect of V on 7t0p IS Shown in Figure 5.8, which plots 7stp as a function of V for different
values of A. In all cases, increasing V leads to a roughly linear decrease in 7stop. This can
be understood as a consequence of the nonadiabatic coupling leading to a lowered
activation barrier on the adiabatic ground state surface, which in turn lowers Astop. At large
V values, the second minimum at X, disappears, preventing the calculation of 7stp values.

Finally, we consider the cycling efficiency of the 1D coupled harmonic system. We
have already evaluated the efficiency in the |a) =|b) direction. The return [b)—>|a) stroke
does not contribute to the work against the applied force but does require extra photon
energy, so the efficiency will always be decreased. In this case, the overall efficiency of
the [a)—=>|b)—>|a) cycle is just

__ Wan
Neycle AE, ,+AE, .,

(egn. 5.16)

We consider the case of A > 0, where the starting state |a) is the lowest energy isomer.
At the maximum 7stop, the |a) PES curve intersects the minimum of the [b) PES curve, and
the photon energy required to make the |b)—>|a) transition becomes negligible. In this case,
the maximum 7cycie = 77st0p = 0.554 for ka/ko = 2.315. This analysis indicates that the highest
cycle efficiency will be attained for T-type materials, since in practice this return transition

would be accomplished by thermal excitation rather than an optical photon. Lower A
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values not only lead to lower forward |a)->|b) efficiencies but also require additional input
photon energy to return the system from |b) to |a).

There are several reasons that the analysis presented above should be considered an
upper limit for photomechanical efficiencies in real systems. First, we only considered the
T =0 K limit. When AE* < KT we can expect thermal fluctuations to effectively remove
the stationary point at the [b) curve minimum. In practice, this would lower Astop and thus
nsop-  Second, we have assumed that the photochemical quantum vyield for the
l]a)->|b) reaction is unity. The efficiencies calculated above should be multiplied by a
quantum vyield factor that in practice is always less than 1.0 due to both radiative and
nonradiative decay channels. Third, we have only considered a 1D system with coupled
product-reactant modes. In a polyatomic molecule with many modes oriented orthogonal
to the reaction coordinate, e.g. azobenzene?®!, much of the input photon energy will be
dissipated into vibrations that are not aligned with the applied force, further decreasing the
efficiency.

How efficient could a molecular photoisomerization be in practice? Gaub and
coworkers investigated the photomechanical response of single oligomer chains composed
of azobenzene repeat units attached to an atomic force microscope tip. In these
experiments, the applied force was not aligned with the cis-trans reaction coordinate, which
is usually taken to be the C-N-N dihedral angle. Even given this misalignment, however,
measurements of the chain contraction under load yielded an absorbed photon-to-work
efficiency of 0.1 for a trans=>cis photoisomerization.®?> This value is actually not far from

the single-molecule theoretical limit derived in this chapter. However, once quantum
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yields, absorption cross sections, and light propagation were taken into account, the
calculated incident photon-to-work efficiency was estimated to be 7.5x107%.3
Photomechanical crystals composed purely of photoactive molecules typically exhibit
absorbed photon-to-work efficiencies of less than 1%.3* 3%, as do most polymer systems.3®
The large gap between the theoretical molecular limit and the measured efficiencies of
suggests that there remains a substantial room to improve these materials.

The results presented above suggest that directional application of force could result
in changes in molecular optical properties. Although redshifts are commonly observed in
high pressure experiments, they usually result from changes in the medium polarizability
due to increased density.®” 3 When the molecular PESs are distorted by the application of
a directional force, our model predicts a blueshift of the |a)—=>|b) absorption and a redshift
of the |b)->|a) fluorescence. Although challenging, the measurement of optical properties
during the directional pulling of single molecules could reveal the PES deformations
illustrated in Figure 5.2. If applying a force leads to substantial absorption shifts, then a
fruitful area for improving photomechanical materials might involve tuning of reactant-
product vibrational structures to enhance efficiency. The fact that even in this simple
model the maximum efficiency does not occur for ka/kp = 1.0 suggests that careful
consideration of how molecular vibrations affect both photon absorption and mechanical
response properties may be necessary to optimize these materials.

Lastly, we can compare molecular photomechanical elements to photovoltaic
approaches for transforming photon energy into work. At 0 K and given an input photon

at the semiconductor band edge, the photovoltaic energy conversion efficiency can
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approach 1.0.3  Piezoelectric actuators have a maximum electrical-to-mechanical
conversion efficiency of 0.5 “°, so assuming no electrical losses, the PV-piezoelectric
approach would yield an overall efficiency of 1.0 x 0.5 =0.5. If the PV cell is attached to
a DC electric motor, whose electrical-to-mechanical efficiency can approach 1.0%, then
the photon-to-work efficiency will also approach 1.0. Our results show that the
photomechanical approach can be competitive with either photovoltaic approach in terms
of theoretical efficiency. The photomechanical approach possesses several potential
advantages, however, including 1) simplicity, since only a single element with no
connections is required; 2) insensitivity to electromagnetic fields, since no free carriers are
generated; 3) fast response, since the molecular shape change follows the
photoisomerization time, which can be on the order of picoseconds. For a given
application, the best approach will likely be determined by factors like device size,
environment, and the available light source. It should be emphasized that the field of
photomechanical materials is still relatively young compared to the fields of
electromagnetic actuators and photovoltaics, so considerable improvement may be

expected.

5.3 Conclusion

The simple 1-D model in this chapter represents a preliminary step in the development
of a molecular model for the photomechanical process. It provides a way to estimate
mechanical outputs like the stop-force, work, and efficiency from molecular parameters

like vibrational frequencies, reaction coordinates, and electronic couplings. A central
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result is that the theoretical photon-to-work efficiency of a molecule is comparable to that
of photovoltaic devices. A second result is that the maximum efficiency is obtained when
ka> kb, showing that the interplay between force-induced changes in the optical as well as
the mechanical properties must be considered in the design of such molecules. It is hoped
that this work will motivate more sophisticated theoretical studies and materials design that

enable bulk photomechanical systems to approach the molecular performance limits.
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Chapter 6.  Photomechanical Structures Based on Porous Alumina Templates

Filled with 9-Methylanthracene Nanowires

Now that we’ve established a basis for modelling photomechanical molecules, the next
step in implementing photomechanical organic crystals into practical devices is to develop
a linear actuator that is analogous to piezoelectric stacking actuators. In this chapter, we
will explore the use of a negative photochrome that is capable of = 7% expansion along the
long axis in nanorods of the crystal. Using our templated composite approach to
photomechanical actuation, we demonstrate the drawbacks of brittle porous membranes
and develop a recipe for optimal solvent annealing of organic crystals when filling porous
templates.
6.1 Introduction

Photomechanical materials are designed to directly transform light into mechanical
work! 2. Most organic photomechanical crystals and polymers rely on a photochemical
mechanism, such as the cis-trans photoisomerization of azobenzene?®, in order to generate
this work. In order to efficiently generate macroscopic amounts of work, the photoreactive
molecules (photochromes) must be organized in some way? This organization is
accomplished in a polymeric matrix by incorporating the photochrome into a liquid crystal
elastomer®. The use of a polymer matrix allows the facile creation of differently sized and
shaped structures using well-established methods such as molding and photolithography.
Alternatively, the photochromes can order by self-assembling into a neat molecular
crystal®®®. The potential advantages of photomechanical crystals include their higher

photochrome density and elastic modulus®®. Unlike in the case of polymers, however,
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controlling the morphology of single crystals is very challenging and typically a broad
distribution of sizes and shapes is obtained. Furthermore, molecular crystals are prone to
fracture due to the internal stress that is generated by the build-up of photoproduct regions,
especially if the crystals are larger than a few microns® -8, They also tend to dissolve or
degrade when exposed to organic solvents or air, respectively; although attempts to encase
crystals in protective layers of graphene®®, polymers?®, or metal organic frameworks?! have
had some success. Given these challenges, it is not obvious how to incorporate single
crystals into practical actuator devices, despite their potential advantages.

We recently developed a composite approach to photomechanical materials in which
the organic crystal component is organized inside a porous inorganic host?> 23, The host
material was a commercially produced anodic aluminum oxide (AAO) disk with nominal
200 nm diameter channels that permitted the growth of oriented crystalline nanowires. By
using diarylethene photochromes that undergo a ring-closing isomerization?*, the
photoreaction of the organic component resulted in the composite structure undergoing a
reversible bending motion. A milligram of this organic could reversibly lift 10 g or more.
The bending templates are based on a bimorph structure of which the bottom part is
converted into photoproduct while the top part remains unreacted (Figure 6.1a). The strain
between the reactant and product domains leads to in-plane stress that is alleviated by
bending. This mechanism of actuation was necessitated by the fact that only a thin layer
near the surface could be isomerized by the input light. Diarylethene is a “positive”
photochrome whose ring-closed isomer strongly absorbs the UV radiation, preventing it

from penetrating throughout the template. If 100% conversion of the organic component
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could be achieved, it could enable different modes of actuation. For example, if the
conversion of the organic component leads to crystal expansion, this could be utilized to

make a composite in which the nanowires generate a concerted upward push (Figure 6.1b),

hv’ ' 21
= i

Figure 6.1 Schematic representation of the two possible methods of actuation in the
organic-template system, (a) partial reaction of the crystal causing a change in curvature of
the template and (b) full reaction of the crystal causing extension of organic nanorods
through the surface of the template.

rather than bending.

(a)

(b)

In order to create the composite photomechanical structure that is outlined in Figure
6.1b, several challenges must be overcome. First, the template must be completely filled
with the organic, since any void spaces would serve to absorb the expansion inside of the
channels, rather than forcing it outside of the template. Second, a “negative” photochromic
reaction is required in order to allow the reaction to proceed to 100% completion®, since
a photoproduct that absorbs the excitation light will prevent it from reaching the unreacted
portions of the sample, resulting in a bending bimorph as seen for the diarylethene reaction.
Finally, the organic crystal must grow in an orientation that allows it to expand along the

pore axis and not perpendicular to it.
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In this chapter, we describe our efforts to realize the actuator structure that is shown
in Figure 6.1b by utilizing crystalline 9-methylanthracene (9MA), a prototypical
photomechanical material whose crystal structure, growth habits, and reactivity have been
extensively characterized by our group and others?®3%, Our goal is to fill AAO templates
(Anodisc) with 9MA monomer and then convert it to its photodimer form. This conversion
should result in an elongation along the monomer c-axis and the projection of this axis onto
the nanowire axis should lead to a net increase in the height of the composite disk. It turns
out that, in a real system, multiple nonidealities, including partial filling, crystal orientation,
and debris from template polishing, all conspire to prevent the scenario that is illustrated
in Figure 6.1b from being realized. While we observed template bending, showing that the
photodimerization generates mechanical work, there was little sign of the surface
disruption or vertical translation that would indicate that the wire elongation can be
harnessed in order to create a linear translation. This chapter highlights some of the
practical challenges that are involved in creating robust, reproducible actuators using the
organic—inorganic composite approach, with the biggest one being how to uniformly fill
the porous template with the organic active material. Future research directions which may

be pursued in order to overcome these challenges are discussed.
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6.2 Results and Discussion

The 9MA photodimerization reaction that provided the basis of the observed photo-
mechanical response is shown in Figure 6.2. In order to grow crystalline 9MA nanowires
in the AAO templates, we used a modified version of the slow solvent annealing method
that has been developed previously®? (see Figure 2.1). Briefly, the template was saturated
with a concentrated solution of 9MA in CHCI3, then placed into a bell jar along with a
variable amount of CHClI3 solvent in a Kimwipe. The diffusion of the solvent vapor to the
suspended template allowed the 9MA molecules to self-assemble in the AAO channels.
After the solvent had completely evaporated from the bell jar (~24 h), the template was
removed and polished so as to remove the excess 9MA that was on the surface. The
resulting disk is the composite photomechanical material, but the inorganic AAO host can
also be dissolved in a 20% aqueous H3POg4 acid solution in order to obtain isolated organic

nanowires.

9-methylanthracene (9MA)

Figure 6.2 The [4 + 4] cycloaddition reaction that generates the 9MA photodimer after
exposure to UV light. The reaction can be reversed by application of heat, but since IMA
sublimes readily at elevated temperatures it can be considered irreversible under ambient
conditions.

The first question that we tried to address was whether the 9MA had completely filled
the void space within the template. We determined the skeletal density of the Al2O3 in an

empty template to be 3.0 + 0.3 g/cm? (Figure 2.10). By measuring the mass and volume,
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we calculated the void fraction to be 58% or 4.87 x 1072 cm® out of a total disk volume of
7.96 x 102 cm?, a result which is in good agreement with the previous estimates that have
been reported in the literature®. Given the density of crystalline 9MA of 1.01 g/cms, this
allowed us to estimate a maximum fill amount of 4.7 mg in a 12.7 mm diameter template.
Using our standard solvent annealing Method 1 (in which 2000 puL of CHCls was added to
the Kimwipe), we only attained an average fill of 1.3 mg or 28%, as determined by the
mass change of the filled template. Examination of the bell jar revealed that the excess
solvent from the Kimwipe was condensing out of the vapor phase and redissolving the
9MA that had been deposited in the template. In some cases, the recondensed solvent was
flowing back down to the bottom of the bell jar and bringing the 9MA with it. In order to
minimize this effect, we reduced the amount of CHClI5 that was added to the chamber from
2000 to 75 pL. This lower volume was the maximum amount that could completely fill the
chamber volume of 180 cm? with vapor and avoid liquid condensation. Upon using this
Method 2 with a lower volume of CHCIs, we no longer observed solvent condensation or
9MA transport in the chamber. The average fill amount increased dramatically from 1.3 to
3.6 mg (77% of the maximum) after polishing.

In an attempt to further improve the filling of the AAO template, we functionalized the
Al>O3 surface. Using a lauric acid treatment, we were able to make the surface more
hydrophobic, increasing the H20 surface contact angle from 0° to >130° (Figure 2.11).
This treatment visibly improved the wetting of the template during the initial deposition of
the 9MA/CHClI3 solution, but surprisingly it did not change the amount of filling to an

extent that was outside the experimental error. This lack of effect for the surface treatment
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was observed for both the high and low solvent exposure solvent annealing methods, as is
summarized in Figure 6.3. The use of other carboxylic acid terminated molecules, like 3-

phenylpropanoic acid, also had no discernible effect on the filling (Figure 6.4).

5.5

5.0 1 Theoretical fill = 4.7 mg
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Figure 6.3 Measurements of the net mass of 9MA embedded in the AAO template after
annealing and polishing. From left to right: light blue from using Method 1 (excess solvent)
in a bare template, light red from using Method 1 with a lauric acid (LA) covered template,
dark blue from using Method 2 (no excess solvent) in a bare template, and dark red from
using Method 2 in an LA covered template. Surface functionalization of the AAO template
had a negligible impact compared to the solvent annealing process.
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Figure 6.4 Comparison of the effect of surface functionalization on the AAO templates
using the excess solvent method. Compared to the bare template, functionalizing the
surface with lauric acid (LA) or 3-phenyl propanoic acid (3PPA) had a negligible effect
outside of the margin of error.

After solvent annealing and polishing, GI-WAXS experiments on the filled templates
were used in order to confirm that the 9MA was crystalline. The measured GI-WAXS
pattern for a filled template, along with the assignment of the diffraction peaks, is shown
in Figure 6.5. The GIWAXS experiment acquired diffraction information across a range
of angles, so it was sensitive to crystal planes with different orientations with respect to the
surface plane. Based on the measured pattern, b* is closely aligned with the surface normal
and a* is about 13 degrees off of the film plane’s direction (indicated by a white line).
Therefore, c* in this case can be deduced to be almost parallel to the template’s surface.
Since the reciprocal axis ¢* and real crystal axis ¢ are only 6 degrees away from each other,

we conclude that the c-axis is also almost parallel to the template surface. The average
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FWHM of the scattering peaks along the azimuthal direction in the samples is 3.7°,

suggesting a high degree of alignment in relation to the film’s normal direction.

~ a, (A7)

-1.5 -1 -0.5 0 0.5 1 15

a (A1)

Figure 6.5 The GIWAXS pattern and accompanying face indexation fora 3 mm x 1 mm
sample cut from a 9MA-filled template. The film plane direction is indicated by the white
line near the origin. The FHWM of the scattering is 3.7° in the azithumal direction,
indicating that the sample is highly oriented along the film normal and thus inside the pore
axis.

Since the expansion of 9MA occurs along the c-axis?® 3! and this axis is apparently
oriented perpendicularly to the long axis of the nanowires (i.e., parallel to the template’s
surface), we were concerned about whether the nanowires would elongate after light
exposure, as shown in Figure 6.1b. Examination of the isolated nanowires confirmed their
photomechanical elongation. An example of an individual nanowire response is shown in
Figure 6.6. The nanowire exhibited an expansion of ~7% along its long axis, similar to the

7% expansion seen for the microcrystal plates along the crystal c-axis®l. The expansion
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data and the GIWAXS data appeared to be contradictory, since the former is consistent
with the nanowires growing along the c-axis, while the latter suggest that they grow
perpendicular to the c-axis. However, this apparent contradiction assumes that polishing
removes all of the excess surface crystallites and exposes only the vertically oriented
nanorods that are embedded inside the AAO to the probing X-rays. As will be explained
be-low, we found that the surface polishing procedure leaves a layer of mixed 9MA crystals
and AAO debris on the surface, which probably makes a strong contribution to the

observed GI-WAXS pattern.

Figure 6.6 Optical microscope images of a 9MA nanorod suspended in aqueous solution
(a) before, (b) during, and (c) after exposure to UV light. The nanorod extends roughly 7%
along its long axis.

We next determined whether the negative photochromic reaction of the 9MA could
enable 100% conversion inside the template. We assessed the conversion by exposing the
template to varying durations of UV irradiation, followed by dissolving the organic
component in a fixed volume of CHCIs. The amount of the remaining 9MA could be
determined using the Beer—Lambert law. We found that >98% of the initial 9IMA monomer
had disappeared after 24 h of 405 nm exposure, with most of the reaction having been

completed within the first 5 h (Figure 6.7). This confirmed that the negative photochromic
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reaction of 9MA could enable close to 100% conversion, even in the highly scattering AAO

matrix.
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Figure 6.7 The percentage of the template that has been reacted when exposed to different
durations of the UV source. In the first series, the beam spot size was approx. 96 mm? with
a power density of = 18 pW/mm?. In the second series, the beam was expanded with a
diffuser to complete cover the template at the sample stage with a power density of = 19.5
HW/mm2,

= =

Having found a method to significantly improve the templates’ fill fraction, although
not up to 100%, we proceeded to measure their photomechanical responses. In order to be
sensitive to micron-scale motions, we placed the template under one mirror in a Michelson
interferometer. The irradiation of the supported template from the bottom resulted in the
movement of a mirror on top of the template, as illustrated in Figure 6.8a. Pure
translational motion would result in an oscillatory intensity pattern at the output due to
constructive and destructive interference, while the angular tilting of the mirror can be

measured by its spatial displacement from the reference beam. If the situation that is
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illustrated in Figure 6.1b holds, we would expect to see pure translational motion as the
nanowires extend above the template’s surface. Figure 6.8b shows an example of the
measured interferogram for a typical sample, along with images of the interferometer
output before and after the irradiation. Both the interference and beam displacement are
clearly present. The interferogram in Figure 6.8b can be modeled using the previously
developed theory for interference signals in the presence of optical misalignment. In the
experiments here, misalignment results from the photomechanical membrane moving one
of the end mirrors. The equation for the integrated intensity at the interferometer output
Iphoto 1S given by3* 35

— (WL — 2))a(t)’
8w?

Iphoto= Alnw? <1 + exp ( ) X cos (kL(t)+l§( (L(t) — 2) (x(t)2>)

(egn. 6.1)

where w is the beam waist, k is the wave number of the probe, z is the distance to the
detector, L is the optical path difference, and a is the angular off-set. For the calculations
that are used in this chapter, w = 1 x 10° m, k = 2 /632.8x10° m?, z = 1 m and we have
neglected the factors due to the beam divergence and the Guoy phase shift. Neglecting
these factors is justified when the beam diameter is much greater than the optical
wavelength and there is no focusing inside the interferometer. Assuming a linear time
dependence of the Ao and AL such that L(t) = AL(t - t o) and a(t ) = Aa(t -to) where to is the

starting time for irradiation of the template, (eqn. 6.1) becomes:
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(egn. 6.2) assumes that AL and Ao are independent, but if a circular template of diameter

D tilts by an angle Aa, then it can be shown that:

D
AL(t)zE XAa(t — ty)

(egn. 6.3)
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Figure 6.8 (a) Schematic of the interferometer set-up used to measure the photoinduced
motion of the template. (b) Time-dependent photodiode signal from probe beams reflecting
both interference and misalignment of probe beam due to angular tilt of the mirror during
405 nm irradiation. Complete misalignment causes a loss of signal that trends towards
~50% of the maximum intensity. The insets capture the (C) initial and (d) final positions of
the probe beam 4.9 m away from the sample due to the misalignment.

Using a value Aa = 4 x 107 rad/s, (eqn. 6.2) can qualitatively reproduce the damped
interferogram in Figure 6.8b, as shown in Figure 6.9. While there was considerable

variability in the behavior of the filled templates (Figure 6.10), all of them showed some
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combination of Aa and AL evolution. In general, the Aa tilting was the dominant effect,

with the output beams having been displaced by about 0.51 mrad on average.
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Figure 6.9 Simulated interferograms generated using egn. 6.2 with the parameters listed in
the figures. Patterns caused by changes in either (a) the angular error or (b) the optical path
difference do not agree with the data in Figure 5. Only when (c) both parameters change is
an interferogram that is comparable to that in Figure 5 obtained. AL and Ao are as described
in the main text and D is the diameter of the AAO template.
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Figure 6.10 Example interferograms collected from three different templates filled with
9MA. The dominant behavior of each interferogram is the angular off-set building during

the exposure duration, leading to the damping of the fringe heights. This angular error
appears to vary significantly from sample to sample.
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The analysis of the beams’ deflection indicates that most of the mirror displacement
arose from tilting and not translation. Closer examination of the template surface before
and after UV irradiation using SEM and AFM confirmed the absence of any significant
wire expansion above the template’s surface. Figure 6.12a,b show AFM images of a
template surface before and after UV irradiation. A few small changes are seen in the
surface’s morphology after UV exposure, but the overall features are remarkably similar.
The lack of dramatic changes can be contrasted with the dramatic reconstruction that can
be observed after 9MA single crystals undergo photoreaction®. For our samples, the
surface features were not due to the presence of pure 9MA but instead appeared to be a
rough crust of de-bris that was left over from the polishing process. This debris can be seen
more clearly in SEM images of the templates before and after filling and polishing. The
array of pores in the pristine template in Figure 6.11a is completely submerged under a
layer that is composed of both AAO fragments and the organic in Figure 6.11b. Careful
examination of this crust shows that it contains broken nanowires and AAO fragments that
have been aligned to the horizontal plane by the polishing process (Figure 6.11c). Even
though we used Al2Os abrasives for most of the polishing process, the underlying AAO

has clearly sustained notable damage.
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Figure 6.12 Atomic force microscope scan of a 9MA-filled template irradiated in-situ with
a diffuse 405 nm laser. (a) before the 9MA was photo-dimerized and (b) after 15 min of
exposure to 405 nm. There are slight changes in individual features but no obvious
protrusions of nanowires from the surface.

Figure 6.11 (a) SEM image of the pristine AAO surface in the absence of 9MA and
polishing. (b) At low magnification, SEM image of the polished surface of a 9MA-filled
template. (c) High magnification SEM image of the polished surface of a 9MA-filled
template, showing surface debris that covers the channels and has been smoothed by
polishing.

The combination of the void spaces inside the template that were due to incomplete
filling and a surface debris layer may explain why we did not see nanowires expanding out
of the template in order to act as linear actuators. Given the choice of protruding up from
the template by breaking through the surface debris layer or extending down into empty

spaces in the interior of the template, the expanding nanowires probably chose the path of

least resistance. The presence of broken nanowires lying parallel to the surface also
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explains why the GIWAXS measurements indicated that the crystal c-axis lay parallel to
the template’s surface. If the nanowires grow parallel to the c-axis, this axis should be
normal to the template’s surface for the vertical nanowires that are contained in the
template. But if they are broken off and lie horizontal to the template surface, the c-axis
would be in the direction that is indicated by the GIWAXS data. The presence of surface
debris means that the GIWAXS experiment does not necessarily provide unambiguous
information about the crystalline 9MA that is inside the template’s pores, but it does
confirm that the surface layer that was left by polishing is both crystalline and highly
oriented. The surface debris that is left after polishing has complicated the analysis of
powder X-ray diffraction experiments on other organic crystals in AAO templates as well*”
38_

Although the negative photochromic reaction of crystalline 9MA can be used to
generate the deformation of a composite membrane, we did not observe the purely vertical
displacement that we had hoped for. However, sufficient lateral forces were generated to
deform and bend the template. The origin of this horizontal stress component is not
obvious, but several possible factors may have contributed. First, the horizontal surface
layer was strongly attached to the template due to the force of polishing. Expansion along
the c-axis of the horizontally oriented nanorods on the bottom of the template could drive
some bending motion via the usual bimorph mechanism. Second, there may be a population
of crystallites inside the template the c-axis of which is not perfectly aligned along the pore,
which would allow the expansion to have some projection along the horizontal axis.

Finally, the smaller changes in the dimensions of the a and b crystal axes [31] may provide
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enough horizontal stress to slightly deform the template, irrespective of the c-axis
expansion.

Our results highlight several challenges in the use of inorganic porous templates. First,
it is difficult to achieve consistent, 100% filling using the solvent annealing method. Low
filling fractions have also been found for the DAE photochrome in porous glass
membranes, suggesting that this is a general problem. A completely different method of
introducing the organic into the pores, perhaps melting the organic as opposed to using
solvent annealing, might achieve higher filling but this may be more complicated to
implement and may not lead to the same degree of crystallinity. Decreasing the thickness
of the template and enlarging the pores may also facilitate organic filling. Although our
simple surface functionalization did not improve the filling process, it is possible that a
more sophisticated approach, perhaps using ligands that are tailored to the photochrome,
could be more successful.

A second issue concerns the removal of the excess organic material that is left on the
surface. For AAO, with a rough surface, we used high-grit polishing paper, but this method
leaves a crust of dried slurry that can be several microns thick, as shown by the SEM images
and the GIWAXS data. This crust can affect both the mechanical and light scattering
properties. A gentler method that removes only the soft organic component would be
desirable. Wiping the surface with a solvent soaked Kimwipe or cotton swab tended to
remove the organic material from the surface and from inside the pores, so the right balance

of mechanical and solvent forces must be found.
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6.3 Conclusion

The results that are reported in this paper demonstrate that the photodimerization of
9MA can be used to power photomechanical motion in organic—inorganic hybrid actuator
structures. A new experimental method for detecting motion, based on the analysis of a
dynamically misaligned Michelson interferometer, has also been introduced. The results of
this paper highlight the difficulties that are faced in the implementation of the organic—
inorganic composite approach to photomechanical actuation. The reproducibility, linearity
of motion, and overall response of the template were limited by our ability to completely
fill the pores and remove debris from the surface. Taken together, the observations that are
provided in this paper help to define the main challenges for the development of composite
photomechanical materials that rely on molecular crystals as their active elements.
Encouraging crystal growth in the porous host is a chemical problem, while re-moving
excess organic material from the composite exterior is a materials processing problem.
Both issues must be addressed in order to advance these composite materials toward

practical applications as light-powered actuators.
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Chapter 7.  Towards Scalable Photomechanical Processing: Polymer and

Molecular Microfibers

Although porous aluminum oxide membranes provide a template for growing
photomechanically active nanorods, the energy wasted when deforming the template
during actuation and the surface debris generated when removing the excess material
prevent this method from being a scalable solution for photomechanical actuation. This
chapter contains unpublished work that serves as a basis for developing scalable solutions
for harnessing photomechanical work and will discuss two major methods: polymer
microfibers hosts and molecular microfibers of organic crystals. Since these findings are
relatively recent, this chapter will present the work as an introductory step towards these

avenues in lieu of a complete story.

7.1 Polymer Microfibers

The first approach utilizes the high processibility of viscous, aqueous solutions of
polyethylene oxide polymers. Many organic photoswitches are poorly soluble in water and
as a result are effectively hosted in aqueous polymers as the photoactive materials are not
co-dissolved with the polymer and retain their crystal properties. As demonstrated in
section 2.1.7, for photomechanical behavior that is dependent on crystal orientation (e.g.
photodimerization of anthracene derivatives), co-dissolving the photoswitch and polymer
results in monomeric behavior that can thwart photomechanical actuation. High molecular
weight polyethylene oxide (Mw = 8,000 kg/mol, PEO-8M) aqueous solutions have facile
processing requirements, allowing for both manual and programmed writing of polymer

fiber designs® 2. If photoswitching crystals can be successfully incorporated into the PEO-

154



8M solutions and retain their photomechanical properties, then this approach can be scaled
up for large, more intricate designs of hybrid photomechanical materials. To this end, the
procedures outlined in sections 2.1.5 and 2.1.6 are conducted to produce microfibers of
PEO-8M embedded with 4-fluoro-9-anthracene carboxylic acid (4F9AC) nanorods and

crystals.

Figure 7.1 Optical microscopy images of PEO-8M microfibers embedded with (a,b)
nanorods and (c,d) recrystallized/sublimed crystals of 4F9AC. To emphasis crystallinity,
improve contrast, the images in a & b are collected after cross-polarization.

In anthracene derivatives, correction orientation of the crystals is crucial to harnessing
the displacement generated by the photochemical reaction. Fibers and needles of
fluorinated 9-anthracene-carboxylic acid derivates reversibly bend and curl when
stimulated with near UV and UV irradiation, but fracture due to photosalient effects in
larger microplates®. 4F9AC is embedded into PEO-8M solutions in one of two sources:

template-grown nanorods or recrystallized/sublimed crystals. The former (Figure 7.1a,b)
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produces better quality microfibers, as larger platelike crystals from the

recrystallized/sublimed 4F9AC powder deform the polymer (Figure 7.1c,d).

Figure 7.2 Optical images of PEO-8M+4F9AC microfibers. A) the 4FOAC nanorods
(yellow) are insoluble in acidic (pH < 4) solution can are clearly separated from the
polymer gel (bottom layer) and aqueous solution (top layer). Microfibers on the order of
20-100 pm drawn from the solution demonstrate green fluorescence typical to 4F9AC
crystals (b,c) and can even support the weight of a 11 mg paper disk (d).

Precautions must be taken to avoid deprotonation of the carboxylic acid in 4F9AC,
which increases solubility in the PEO-8M matrix and generates monomeric carboxylate.
Weakly acidic buffers (pH 2-4) made with NaHCO3 and H3PO4 used as a solvent for the
PEO-8M typically prevents this (Figure 7.2a), however, at pH < 2, degradation of the
polymer occurs overtime and within 1-2 weeks breaks down into smaller molecular
weights of PEO. This generally decreases the viscosity of the solution and prevents the
drawing of fibers. The embedded PEO-8M and 4F9AC microfibers retain the bulk
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properties of the polymer host, allowing webs of the fiber to support the weight of objects
much heavier than the fibers (Figure 7.2d). Unfortunately, these microfibers fail to actuate
under UV irradiation whether they are free-standing (Figure 7.2d) or mounted directly

onto a glass slide (Figure 7.2b,c).

Figure 7.3 Cross-weave of 50% wt. PEO-8M/4F9AC under 365 nm irradiation. Fibers are
free-standing in the central square of platform directly above the microscope objective.

Increasing the weight percentage of 4F9AC does not remedy this issue, unfortunately,
as even at 50% wt. the 4F9AC nanorods cannot generate enough force to distort the PEO-
8M (Figure 7.3). Despite the potential for reversible cycling of photomechanical bending,
the 4F9AC nanorods face the same impedance matching issues that plague porous
aluminum oxide templates, but PEO-8M remains a potential host for water-insoluble
photomechanical crystals. Perhaps at the 100 nm -1 um scale with high loading of the
active material, the thin layer of PEO-8M will no longer dampen the photomechanical
behavior, but fibers at this scale are prone to displacement by air currents and other

environmental effects.
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7.2 Molecular Microfibers

Figure 7.4 Optical images of commercial DAE microfibers (a). An individual fiber at 20x
magnification b) before and c) after 365 nm irradiation. The familiar positive
photochromism signifies the photoreaction occurs, albeit non-uniformly throughout the
fiber.

In a more bottom-up approach, fibers of photomechanical organic crystals are hand-
drawn directly from molten liquids as described in section 2.1.8. Commercial diarylethene
derivatives that are highly fluorinated demonstrate the best stability in air when molten, as

spirooxazine and spiropyran oxidized readily and produced a maroon or black, tarry
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substance when brought to their melting point. Drawing a needle from the molten liquid as
it cools allows 500-250 um diameter microfibers to be drawn at moderate lengths (1-10
cm). These microfibers typically taper to their shortest diameters at the end opposite to the
needle and are amorphous. In Figure 7.4a several lengths of are mounted on top of a 25 x
75 mm glass slide and captured in an optical microscope before (Figure 7.4b) and after
(Figure 7.4c) irradiation with a 365 nm flashlight. Due to the lack of crystallinity, the fibers
do not demonstrate any obvious photomechanical actuation, neither along the length of the
fiber nor across its diameter. However, the photochromism of DAE microfibers may still
prove useful as a switchable optical fiber®.

Coupling a HeNe (A = 632.8 nm) laser into microfibers on the 10-100 um diameter
scale demonstrates potential multimodal waveguiding as the light (focal length = 3.5 cm)
is coupled several cm through the DAE fiber and projected onto a business card 20 cm
away (Figure 7.5c,d). The increased optical loss and scattering on the business card is
indicative of a change in the refractive index of the fiber due to generation of the
photoproduct, but the output quality of the fiber is poor in both cases. The positive
photochromism results in a meager 4% change in power, which might be improved if the
crystallinity of the fibers could be improved. However, the rapid cooling during the hand
drawing results in many nucleation sites and thus the amorphous quality of the fiber. These
optical fibers are coupled without a cladding and if encapsulated properly, may
demonstrate improved optical coupling and a larger change in optical loss when utilized as

a photoswitching fiber.

159



Figure 7.5 An unreacted optical fiber of DAE (a) mounted in a custom aluminum v-block.
The coupled light is projected onto a business card 20 cm away (c). After exposure to 365
nm light, the fiber turns royal blue (b) and alters the pattern on the business card (d)
demonstrating increased loss.

Both methods have promising characteristics for scaling photomechanical and
photochromic materials into larger applications but face fundamental challenges that
prevent their adoption. Future work in these areas will need to concentrate on improving:
(i) the force generated by the active material in the PEO-8M microfibers and (ii) the
coupling of the photoswitching optical fiber if there is any hope for future applications of

these methods.
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Chapter 8.  Conclusions and Outlook

This dissertation accomplishes four key advances for multi-excitonic and
photomechanical materials. First, the intermediate and interaction distance of triplet-triplet
annihilation (TTA) is investigated with tris (2-phenyl pyridine) iridium (I11) (Ir(ppy)s)
sensitized pyrene solutions. Since the excimer formation is sensitive to the intermolecular
separation of a pyrene excited singlet and ground state pair, careful analysis of the pyrene
excimer and monomer ratios (E/M) provides spatial information about the TTA products.
After photon upconversion, there is a two-fold increase in the concentration dependence of
E/M compared to direct excitation of pyrene. This effect persists throughout solvents of
varying viscosity, but its origin is presently unclear as this factor has no obvious connection
to the Kkinetics. Regardless, the extrapolation of E/M at infinitesimal concentrations of
pyrene trends to zero, indicating that the excimer is not formed directly through TTA in
pyrene. Given that the critical encounter radius is 2-5 A for pyrene excimers, the correlated
triplet pair involved in TTA must for at a distance greater than this. This indication that
TTA may be possible with longer range energy transfer mechanisms merits further
investigation as it may enable the opportunity to design efficient, solid-state systems for
photon upconversion that do not rely on elastomers or gels. Further studies with shorter
excitation pulses may provide more kinetic information on the TTA process and shed
further light on this phenomenon.

Following this discovery, solid films of co-deposited anthradithiophene (ADT),
tetracene (TET), and [6]-phenacene (6PH) present a solid-state analogue for investigating
the origin of the red-shifted luminescence (RSL) in singlet-fission (SF) materials. Films of
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ADT/6PH, ADT/TET, and TET/6PH are blended at various concentrations and inspection
of the films’ steady-state and time-resolved photoluminescence reveals that the RSL in
delayed fluorescence originates from the excimer due to its dependence on the
polarizability of the environment. Furthermore, at lower concentrations of the SF material,
the photoluminescence is consistent with monomeric ADT or TET, demonstrating that 6PH
behaves as an inert spacer. Thus, the excimer formation channel in SF materials behaves
as a parallel pathway and is not directly involved in SF, which is consistent with the
behavior of pyrene in sensitized TTA solutions. It is then beneficial to design annihilating
molecules with enough steric hindrance to prevent excimer formation, but still facilitate
the energy transfer necessary for SF and TTA. This approach to investigating the
concentration dependence of SF and TTA molecules in the solid state proves to be a useful
tool in furthering our understanding of these multi-exciton processes.

Next, a model for predicting photon-to-work efficiencies for a photomechanical
molecule is developed using a 1D harmonic oscillator to approximate the photomechanical
cycle. Prior to our model, there was no framework to predict the performance of
photomechanical molecules and the work in this thesis serves as a simple method to
achieve this goal. Our model predicts a red-shift in the backreaction energy-gap under
duress of applied force, establishing a maximum force that a 1D photomechanical reaction
can sustain before the reaction stops. Using this stopping force as an upper limit on the
work that can be performed, our model predicts a maximum theoretical efficiency of
55.4%. Contemporary studies place experimental efficiencies below 1%, leaving plenty of

room for improvement as photomechanical research continues to grow.
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Lastly, in an effort to realize scalable and effective actuators based on organic
photomechanical crystals, nano-porous aluminum oxide templates were functionalized
with lauric acid and 3-phenyl propanoic acid. Although this surface functionalization had
a negligible impact on the loading of 9-methylanthracene (9MA) into the pores of the
template, optimization of the solvent annealing process brought it from a meager 30% to
over 70% of the theoretical maximum filling. 9MA’s characteristic 7% expansion along
the crystal c-axis rendered it a candidate for templated linear actuation, but no protruding
nanorods were observed. The displacement of the sample mirror is tracked with a
Michelson interferometer and through modelling of the interferogram, reveals that the
photomechanical motion results from a change in curvature of the composite. However, as
a negative photochrome nearly 100% of the 9MA ,unlike previous composites with positive
photochromes like diarylethene.

Two new avenues for photomechanical materials are briefly explored using polymer-
hosted and molecular microfibers. Microfibers of polyethylene oxide (Mw = 8,000 kg/mol,
PEO-8M) are pulled by hand from a viscous, aqueous solution. Nanorods and micron scale
needles of 4-fluoro-9-anthracene carboxylic acid (4F9AC) are injected into PEO-8M
solutions before fibers are drawn. Despite retaining the crystalline properties of 4F9AC,
such as the green dimer fluorescence, no photomechanical motion is observed. Despite the
high processability of PEO-8M, its malleability dampens the force generated by 4FOAC
and renders the composite motionless. Likewise, amorphous, molecular fibers of
commercial diarylethene (DAE) can be pulled directly from the molten liquid but do not

photoactuate. Fibers up to 10 cm in length and 10-100 pm in diameter can be produced
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through simple hand-drawn techniques for melt pulling. These fibers retain their
photochromic behavior and behave as lossy optical fibers, but do not produce a significant
difference in optical coupling when the photoreaction occurs. Nevertheless, both options
have promising applications should the obstacles be overcome. The facile processing
conditions of PEO-8M can allow the fabrication of complicated networks of microfibers
that can be readily adapted into industrial technologies. A photoswitch that is water
insoluble with a large, reversible volume change would be the ideal candidate for this type
of composite. Additionally, optical coupling of DAE molecular fibers can be improved
with the addition of a cladding or improvement on the crystallinity of the fibers. The former
is a more immediately available research venture, while the latter requires a more-involved

approach and apparatus for slowing down the solidification of the fiber.
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