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ABSTRACT

The Synthesis and Development of Photo-Actuating Materials using Organic Photochromes

by

Miranda May Sroda

The question that motivates my PhD research is how to convert light directly into
actuation using organic photoswitches. To accomplish this goal, we must first move beyond
traditional chromophores to find photoswitches whose optoelectronic properties are optimized
for a given scenario. Among these, donor—acceptor Stenhouse adducts (DASAS), are
especially promising due to their negative photochromism, tunable absorption profile, and
large volume change. To incorporate DASAS into photo-actuating materials a better
understanding of the photophysical properties is crucial, as well as understanding the
concentration dependence. In this effort, we explored the concentration dependence and effect
of ionic character on DASAs. The effects of solution-state dielectric and intermolecular
interactions on the degree of charge separation of the open form provides a route to
understanding the switching properties and concentration dependence of DASAs. Second,
developing a high efficiency photoswitch is not sufficient to make a viable photo-actuating
material. Once such a molecule is incorporated into a solid matrix, numerous factors can affect
its ability to react, including polymer matrix and photochrome density. We need robust,

scalable, and efficient methods to access a range of DASA-based materials and actuator

viii



designs to evaluate actuation performance. We demonstrate a synthetic platform to chemically
conjugate DASA to a load-bearing poly(hexyl methacrylate) (PHMA) matrix via Diels—Alder
click chemistry that enables access to DASA-based materials on scale. By leveraging the ease
of fabrication of a bilayer design, we developed a tunable, visible light-responsive bilayer
actuator driven by the photothermal properties of DASAs. Further, we investigate the
influence of the host matrix on the photothermally-driven actuation performance of DASA-
based polymers. We designed polymeric materials with varying photochrome incorporation
and investigated the relationships between material composition and the resulting physical,
mechanical, and photoswitching properties. Finally, we report and compare the light-induced
property changes in the glass transition temperature and elastic modulus between the materials
comprising of the open or closed form of DASAs. This work establishes the foundational
relationships between mechanical and photoswitching properties and is critical to advancing

the use of DASA-based materials.
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Chapter 1. Introduction

Nature has provided us with remarkable light-driven processes including human
vision, solar energy, and photosynthesis. The range of these applications highlight how
nature uses light as both an energy source and signal for high spatiotemporal resolution
control. Other advantageous properties of light include the ability to readily tune intensity,
spot size and wavelength, on/off control and remote control. In order to develop light-

responsive materials, organic photochromes have gained considerable attention.*

1.1. Commonly used photochromes

Organic photochromes, also known as photoswitches, date back to Fritzsche in
1867.2 Photochromism is defined as a “reversible transformation of a chemical species
induced in one or both directions by absorption of electromagnetic radiation between two
forms, A and B, having different absorption spectra”.® The thermodynamically stable form
A is transformed by irradiation into form B, as shown in Figure 1.1.% Types of
photoswitches are often defined by their recovery mechanism; T-type revert thermally to
their original form, whereas P-type reversibility require a second photon, usually at a
different wavelength, to revert to their original form.*> One can also choose between
positive photochromes (whose absorption remains unchanged or increases at the wavelength
used for excitation upon isomerization) and negative photochromes (whose absorption
diminishes at the wavelength used for excitation upon isomerization). Additionally, there are
many different chemical reactions involved in the light-induced transformation, including
E/Z isomerizations, electrocyclizations, and cycloadditions.® Example of commonly used

photoswitches include azobenzenes,” spiropyrans® and diarylethenes,?° shown in Figure 1.2.
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Figure 1.2 Example of traditional photoswitches. A: azobenzene, B: spiropyran, C:

diarylethene.

The most widely used photoswitch, with over 100,000 scientific publications, is
azobenzene (Figure 1.2a).” Azobenzenes often start in a trans isomer and upon irradiation
with UV-light undergo an E/Z isomerization to a meta-stable cis isomer. These can be either
P-type of T-type, meaning reverse isomerization back to the trans isomer occurs either
thermally or can be driven back to the original form with a second wavelength of light.

Azobenzenes are the workhorse molecule for photomechanical materials owing to being



chemically robust, large volume change between isomers and relatively simple and well-
understood photochemistry.1%-12 However, they are not without inherent limitations,
including the use of UV light which offers limited penetration and can damage material, as
well as overlapping cis and trans absorption profiles can limit selectivity and
photoconversion. To address part of these challenges, there has been considerable effort to
synthesize visible light responsive azobenzenes by Aprahamian, Hecht, Burdette and
others.1315 Despite progress, many of these new derivatives also suffered from overlapping
cis and trans absorption profiles, low molar extinction coefficients (¢ = 2000-3000 M- cmr
1), hydrolysis in water, and unfavorable switching kinetics.*31°

The second most studied photoswitch with over 15,000 publications is spiropyran,
shown in Figure 1.2b.% Spiropyrans undergo an electrocyclization upon irradiation with UV
light, starting from a colorless spiro form leading to ring opening via carbon-oxygen bond
cleavage, followed by Z/E isomerization to give the blue colored merocyanine structure.
Similar to azobenzenes, these can be either P-type of T-type. The electrocyclization also
induces a large polarity change, which was leveraged by Schenning and coworkers to
develop light-responsive hydrogels for microfluidic applications.'® These switches are also
limited by the use of UV light, as well as low fatigue resistance and aggregation of the open
form.5

Another prominent class of photoswitches is diarylethenes, with over 10,000
publications, shown in Figure 1.2¢.2° Diarylethenes are P-type photoswitches that undergo a
6 electrocyclization, changing from colorless to red.® Both isomers are remarkably stable
with half-lives for the metastable isomer of more than 470,000 years. In addition, physical

properties change upon isomerization include fluorescence, electrical conductivity and



magnetism.® While diarylethenes have a smaller volume change compared to spiropyran and
azobenzene, they undergo reversible isomerization in single crystals which has been
leveraged for photomechanical actuation by Bardeen and coworkers.*’

While commonly used switches have been used for a variety of different applications
including optoelectronic devies,® self-healing,*® erasable writing,® they have inherent
limitations. They all require the use of UV light, which offers limited penetration depth and
damage to material, and many have a highly absorbing photoproduct which can also limit
light penetration and result in absorption profile overlap. Thus, we need to develop new
chromophores that overcome these limitations. This thesis will explore a recently discovered
photoswitch which has the promising property of negative photochromism, as well as other

advantageous properties.

1.2. Donor-acceptor Stenhouse adducts (DASAS)

Donor—acceptor Stenhouse adducts (DASAs) were first reported by Read de Alaniz
and coworkers in 2014 and were termed after the pioneering work of John Stenhouse
(described in more detail below).2>-22 DASA consist of an amine donor and carbon acid
acceptor connected by a triene bridge in a push-pull system, as shown in Figure 1.3. DASAs
have garnered a significant amount of attention due to their negative photochromism, visible

light activation, and large volume change.
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Figure 1.3 General reaction scheme of DASA.
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A number of pioneering studies led by Stenhouse,?>%* Schiff,>* Honda,® Lewis and
Mulquiney,?! and Safar?® were crucial to the development of DASAs.?227 In 1850,
Stenhouse reported the formation of a highly colored salt after reacting two equivalents of
primary or secondary amine and one equivalent of protic acid to furfural.?® The structure
was later determined by Schiff as a five-carbon cyanine dye with an -OH group.?* However,
it was not until 1982 that Honda revealed Stenhouse salts exhibited negative
photochromism.?

Unrelated to their photochromic properties, the structure of the colorless isomer of
Stenhouse adducts was established as a cyclopentenone by Lewis and Mulquiney.?* The
synthesis of Stenhouse salt proceeds through an imine/iminium activation between furfural
and anilines, as shown in Figure 1.4 (path a). To further explore the synthetic utility of the
ring-opening reaction of furfural derivatives, Safar demonstrated that condensation of
Meldrum’s acid onto furfural creates an activated furan adduct that undergoes a ring opening
reaction with aliphatic amines to form a mixture of the highly colored triene and colorless
cyclopentanone (Figure 1.4, path b).?% In 2010, Read de Alaniz demonstrated that treatment
of furfural alcohol with dysprosium triflate (Dy(OTf)s also mediated a ring opening reaction
with anilines, resulting in aminocyclopentenones (Figure 1.4, path c).?8-3! Collectively, these
reports ultimately led to Read de Alaniz and coworkers to discover and develop Donor-

Acceptor Stenhouse Adducts as a new class of visible light photochromes 2014.2227
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Figure 1.4 Synthesis of Stenhouse salts, DASAs and aminocyclopentenones.

Unlike commonly used photoswitches, DASAs exhibit negative photochromism and
visible light activation.?>?7:32:33 They are prepared by a simple two-step synthesis from the
commodity chemical furfural. The acceptor moiety is prepared by a knoevenagel
condensation reaction of furfural with a carbon acid to yield the furan adduct. The first
carbon acids explored were Meldrum’s acid and barbituric acid. Treatment of these
“activated” adducts with secondary aliphatic amine resulted in a highly colored DASA.343
Upon irradiation, DASAs are converted from a highly light-absorbing colored “open” form
into a colorless and transparent “closed” form, as shown in Figure 1.5, with overall
switching kinetics highly dependent on the DASA architecture and surrounding
environment. These are better described as photothermalstationary states because the 4n

electrocyclization that results in the closed form is thermally driven.36
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Figure 1.5 Synthetic efforts have resulted in three generations of DASAS that vary in their
photoswitching properties, including control of thermodynamic equilibrium, solvent
compatibility, and switching kinetics. The closed form is only depicted with the acceptor
group in the enol form, however, as reported in the literature, it can reside in a zwitterionic,
enol, or keto form, depending on the architecture and conditions.?223" Figure adapted with

permission from Chem. Eur. J. 2021, 27, 1 — 9. Copyright (2020) Wiley-VCH GmbH.

Synthetic efforts have resulted in three architecturally distinct DASA derivatives that
vary in nature of the donor and acceptor groups used to connect the triene backbone. These
derivatives also possess different photoswitching properties, such as thermodynamic
equilibrium (dark equilibrium between the open and closed forms), wavelength tuneability
(500700 nm), switching rates, and solvent dependence as shown in Figure 1.6.2227:3233 The
first generation of DASAS, published in 2014, consist of strongly electron-donating

dialkylamine donors and Meldrum’s or barbituric acid acceptors.?>?” These derivatives



generally show excellent equilibrium control and fatigue resistance, but are often limited in
wavelength tuneability and solvent compatibility, defined herein as the ability to switch
reversibly upon irradiation in a range of solvents. This generation was further investigated
by Beves and coworkers and demonstrated amines such as dimethylamine are able to switch
in a wider range of solvents.®® In 2016, the second generation of DASAs were created by
employing weakly donating cyclic and acyclic arylamines.®>3” These substrates show
improved wavelength tuneability (500—700 nm) and enhanced switching properties,
including low PTSS, higher solvent compatibility, and solid-state switching, but
compromised thermodynamic equilibria in the dark (~50—7% open form in the absence of
light) and extended half-lives of the closed form. The third generation of DASAS, developed
in 2018, introduce strongly electron-withdrawing carbon acids as acceptors. Generally, these
derivatives have enhanced switching properties, such as increased solvent compatibility and

tunable half-lives of the closed form, while maintaining high equilibrium control.33

The synthetic effort toward DASAS has been tightly coupled with extensive
mechanistic studies by Feringa, Beves, Martinez, Marazzi and others.®>3743 |t was
demonstrated that the actinic Z/E isomerization step is independent of solvent and
concentration, and occurs on a femto- to nanosecond timescale.*%4 This is followed by C3-
C4 bond rotation and thermal 47 electrocyclization, leading to ring-closed cyclopentenone
with a trans relationship between the C1 and C5 groups, which occurs on a nano- to
millisecond timescale (Figure 1.6). In contrast to the actinic step, the thermal part of the

mechanism is highly solvent-dependent.*°
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Figure 1.6 Current proposed productive mechanism for photoswitching by Feringa et al.*®

Since their discovery, DASAs have been exploited in a number of applications
including targeted drug release,?’4546 orthogonal photoswitching,*” and chemical and
thermal sensing.*®->! Further use of DASA in more widespread applications has been
hampered by limited understanding of solvent compatibility, concentration dependence and
thermal recovery. Additionally, there is not a reliable, modular, and scalable method to
access DASA-based materials. This thesis aims to contribute to improving that
understanding and accessibility, by exploring the concentration dependence (Chapter 2),
switching properties in polymer matrix (Chapters 3 and 4) and application in photo-thermal

driven actuation (Chapters 3 and 4).



1.2.1. Concentration dependence of DASA

The concentration dependence of DASA 2-methyl indoline and CFs pyrazalone
bearing third generation architecture was studied by Bardeen, Read de Alaniz and
coworkers.>2 Through these studies, we demonstrate that DASA switches efficiently at
micromolar concentrations in both liquid solution and in polymers, however, the
photoswitching is dramatically inhibited at higher concentrations. Both the initial rate of
absorbance decay and the asymptotic PTSS value change with increasing concentration, as
shown in Figure 1.7a. There was also a significant increase in the back reaction rate with
increasing concentration, as shown in Figure 1.7b. Overall, the forward photo-isomerization
and the thermal backward reaction can change by factors of 20 or more depending on DASA
concentration. There was no sign of aggregation or electronic coupling, as indicated by the
absence of broadening of shifting in the absorption spectra of DASA at various
concentrations. Using femtosecond transient absorption experiments, they found the light-
driven cis — trans step of the isomerization was not affected by concentration, suggesting
the concentration inhibition occurs in the following thermal pathway. Chapter 2 describes

our efforts to help better understand this unusual concentration dependence.
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Figure 1.7 a) The decay of absorption monitored at 638 nm versus time for different DASA
concentrations in chloroform. b) Absorption recovery curves for different DASA
concentrations in toluene, monitored at 638 nm, reflecting the decrease in Kpack. This figure
was adapted with permission from Photochem. Photobiol. Sci. 2019, 18 (6), 1587-1595.52

Copyright (2019) Royal Society of Chemistry.

1.2.2. Synthesis of DASA-based materials

Due to the reactivity of the open and closed forms to radical and nucleophilic
addition, common methods to prepare DASA-based materials has been limited. To
overcome these challenges and provide access to photoresponsive materials bearing DASA
photoswitches, a number of strategies have been developed.?”°1:53-5" The strategies can be
broken down into three general categories (1) post-functionalization using “click”
chemistry; (2) attachment of the donor group to the polymer backbone, followed by DASA

11



formation; (3) attachment of the acceptor group to the polymer backbone, followed by
DASA formation. In the first approach, Read de Alaniz and coworkers utilized a post-
functionalization “click” chemistry to synthesize a DASA-functionalized amphiphilic
polymer as shown in Figure 1.8a.2” They first synthesized a DASA bearing a terminal azide,
which was further reacted to alkyne terminated monomethyl poly(ethylene glycol) via
“click” chemistry to form the desired DASA end-functionalized polymer. The second
approach led to the first DASA pendant-functionalized polymers by conjugation of the
donor to a polymer.> Wang and coworkers synthesized styrene-vinylbenzyl chloride
copolymer using free radical polymerization. This is followed by nucleophilic substitution
reaction between chloro-methyl unit and n-butylamine to form an amino-functionalized PS-
co-PCMS. The secondary alkyl amine reactions with Meldrum’s furan adduct to form first
generation DASA pendant polymer. Read de Alaniz used pentafluorophenylester chemistry
to incorporate aromatic amines into acrylate and methacrylate copolymers, which could
further be reacted with furan adducts to synthesize second generation DASA pendant
polymers, as shown in Figure 1.80.% This method was further improved upon with the
addition of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), reducing the reaction time from days
to hours.>* Beves and coworkers synthesized DASA-based homopolymers and compared the
photoswitching of acrylate and methacrylate polymers, as well as block copolymer.5” In a
third approach, Read de Alaniz and coworkers reported synthesizing DASA pendant-
functionalized polymers using conjugation of the acceptor to the polymer, as shown in
Figure 1.8¢.5! They used ring-opening metathesis polymerization (ROMP) of an activated

furan monomer that is followed by DASA formation.
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Figure 1.8 Synthetic approaches for DASA-functionalized polymers. a) post-
functionalization using “click” chemistry; b) attachment of the donor group to the polymer
backbone, followed by DASA formation; c) attachment of the acceptor group to the polymer

backbone, followed by DASA formation.275158

While these approaches have led to the development of DASA-based materials
which have been leveraged in a variety of different applications including chemical and
thermal sensing,>-% photopatterning,> and nanoreactors,® they introduce a number of
limitations. The pendant-functionalization strategies rely on DASA formation in the final
step resulting in long reaction times, incomplete functionalization, and multiple post-

polymerization steps. This also limits the modular nature of the approach, for example,
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different synthetic approaches are needed for incorporating different generations of DASAs
or potentially a different class of photoswitch, such as an azobenzene. We need modular,
scalable, and efficient methods to access a range of DASA-based materials. To do this, we
will explore a pendant-functionalization strategy using a “click” chemistry approach in

Chapter 3 and Chapter 4.

1.3. Photo-actuation

Extensive use of light to achieve controlled actuation has been reported using
photoresponsive agents, including photoswitches,*®%! organic dyes,®?-64 carbon-based
materials,®>%¢ and gold nanoparticles.®”.¢8 The two mechanisms of photo-actuation include:
photomechanical and photothermal. Photochemical reactions can lead to photomechanical
actuation based on the organization of molecules, resulting in macroscopic deformation
based on molecular-scale shape changes.%%° The concept of using many molecular-scale
photochemical shape changes to generate a larger deformation is illustrated in Figure 1.9. In
order to induce molecular organization a photoswitch is aligned into a liquid crystal
network, resulting in intrinsic anisotropy.” This approach is typically limited to the use of
azobenzene, owing to the required alignment chemistries such as thiol-Michael additions’
and radical polymerizations.®® In contrast, photothermal shape changes are driven by the
conversion of absorbed optical energy into thermal energy, which by different mechanisms,
can generate deformation.” The temperature locally increases due to photothermal
excitation of the photoresponsive agent’® and macroscopic motion is governed by the
combination of material and geometrical parameters, such as mismatches in expansion
coefficients, elastic modulus ratios and relative thickness ratios.”® An elegant cooperative

use of photochemical patterning and photothermal actuation in a liquid crystalline network
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(LCN) was developed by Priimagi and coworkers.” This strategy relies on molecular
alignment of the azobenzene-based LCN: E/Z photoisomerization programs strain while red
light irradiation of an anthraquinone dye triggers photothermal actuation. The absorption
properties of the azobenzene photoswitch require use of narrow bandwidth (< 100 nm) high-
energy UV-light to embed programming logic via photoisomerization.” The challenge
remains to design materials that leverage the cooperative use of photochemical and
photothermal properties to tune actuation that operates with less harmful, abundant, and
economically beneficial broadband light sources (i.e., halogen lamps, white LEDs, sunlight).
In addition, negative photochromism has not been explored for photo-actuating application.
Upon irradiation, material results in decoloration lowering the material’s optical density,
resulting in increased light penetration through the entire material.® Achieving this would
require moving away from traditional azobenzene-based stimuli responsive materials. To do
this, we will explore photothermal actuation of DASA-based polymers in Chapter 3 and

Chapter 4.
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Figure 1.9 Schematic illustration of organized molecular switches that drive macroscopic

mechanical motion.
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Chapter 2. Investigating the effect of ionic character of DASAs

2.1. Abstract

The effects of solution-state dielectric and intermolecular interactions on the degree
of charge separation provide a route to understanding the switching properties and
concentration dependence of donor—acceptor Stenhouse adducts (DASAS). Through
solvatochromic analysis of the open-form DASA in conjunction with X-ray diffraction and
computational theory, we have analyzed the ionic character of a series of DASAs. First- and
third-generation architectures lead to a higher zwitterionic resonance contribution of the
open form and a zwitterionic closed form, whereas the second-generation architecture
possesses a less charge-separated open form and neutral closed form. This can be correlated
with equilibrium control and photoswitching solvent compatibility. As a result of the high
contribution of the zwitterionic resonance forms of first- and third-generation DASAS, we
were able to control their switching Kinetics by means of ion concentration, whereas second-
generation DASASs were less affected. Importantly, these results show how the previously
reported concentration dependence of DASAs is not universal, and that DASAs with a more
hybrid structure in the open form can achieve photoswitching at high concentrations. This
chapter was adapted with permission from Chem. A Eur. J. 2021, 27 (12), 4183-4190.1
Copyright (2021) John Wiley and Sons. License number: 5158890465466.

doi.org/10.1002/chem.202005110
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2.2. Introduction

Simply stated, improved photomechanical materials require improved photochromic
molecules and better understanding of their switching properties. The field must move
beyond commonly used photoswitches to find photoswitches whose chemical structures and
optoelectronic properties are optimized for a given scenario. Within the context of
photoswitches, DASAS are a relative new class of material whose widespread applications
have been hampered by limited understanding of solvent compatibility and, most
importantly, concentration dependence. The concentration dependence, first reported by
Bardeen, Read de Alaniz and coworkers in 2019, shows decreasing half-lives of the closed
isomers at increased concentration, while also lowering overall quantum yields.? This
severely hinders applications requiring high concentrations (e.g. 1-10M) of DASA
molecules. This chapter aims to improve our understand of the photophysical properties
governing DASA photoswitching and overcome the concentration dependence.

In this study we investigated the medium effects on the charge separation of DASAS
through a series of X-ray diffraction (XRD) analyses, solution-state studies, and time-
dependent pump-probe UV/Vis spectroscopic analyses. This work builds on four important
independent preliminary studies by Beves,*# Jacquemin,® Feringa,® and Wagner’ that
showed the zwitterionic character of the open form of DASAs. Using XRD data, Beves and
co-workers reported open linear zwitterionic forms for first- and second-generation DASAS,
concluding that the polyene systems in second-generation DASA are significantly
delocalized.®* In a separate theoretical investigation, Jacquemin and co-workers reported
that the first-generation DASASs in both the open and closed forms have significant negative

Mulliken charge (-0.54e and -0.56¢, respectively), which suggests both have zwitterionic
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nature.> Furthermore, they performed calculations on the open and closed DASA isomers,
which revealed similar and large ground-state dipole moments exceeding 15 D. Feringa and
co-workers used solvatochromic analysis to investigate the role of the hydroxy group on the
photoisomerization pathway.® In addition, Wagner and co-workers recently reported the
effect of this zwitterionic character on DASA fluorescence emission and its effects on first-
generation DASASs in protic solvents.” Despite these initial reports, no effort has been made
to understand the implications of the ionic character of the open form of DASA on solvent
compatibility and concentration effects. By using solvatochromic shift analyses, XRD and
charged ionic liquids as dopant, we demonstrate here how the ionic character of DASA

influences their solvent compatibility and concentration effects.

2.3. Analysis of the ionic character of DASAs

For this study, we selected DASA derivatives with a range of photoswitching
properties, including thermodynamic equilibrium between the open and closed forms in the
absence of light irradiation, solvent compatibility, photothermalstationary state, and half-life
(the properties are summarized in Table 2.1 and structures are shown in Figure 2.1A, 2.3A,
2.15). For these studies, we choose DASA 1-MM consisting of a dimethylamine donor and
a Meldrum’s acid derived acceptor. This derivative belongs to our first generation derivative
and has high thermodynamic equilibrium control in chloroform, with 94% in the open form
in the dark. This compound also exhibits a short half-life in chloroform (172 s), leading to a
PTSS of 76%. For comparison, we choose DASA 2-1M bearing an indoline-based donor
with a Meldrum’s acid acceptor (referred to herein as second generation). Compared to
DASA 1-MM, it suffers from compromised thermodynamic equilibrium, with only 50%

residing in the open form in the dark and an extended half-life of the closed form of 3,240 s
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in chloroform. However, it also shows reversible switching in more polar solvents such as
acetonitrile. To represent a DASA derivative derived from our “third” generation, we
selected DASA 3-1P bearing an indoline-based donor and CFs-pyrazalone-based acceptor.
This derivative shows excellent thermodynamic equilibrium control, with >95% in the open
form in the dark and a short-lived closed form with a half-life of 5 s in chloroform. In
contrast to DASA 2-1M and many second-generation DASAs, this compound does not
exhibit switching in acetonitrile.® The first- and third-generation derivatives show very
similar behavior, with high thermodynamic equilibria and short half-lives, while being
limited to apolar solvents such as chloroform. To round out this study, DASA derivative
DASA 4-11 was chosen; this substrate shows linear photodegradation upon irradiation and
no recovery.®

Table 2.1 Photoswitching properties of DASAs studied. Structures are shown in Figure

2.1A and Figure 2.3A.

DASA e | QUL |G e
Solvent " 1 (% open form 0 » Hi2
Compound (nm) in the dark) under (s)
irradiation)
DASA 1-EMB9 Chloroform | 540 100% 12% 11s
Toluene 545 100% 94% 100s
DASA 1-MM | Chloroform | 541 94%M 76% 172s
DASA 2-IM® | Chloroform | 590 50% 100% 3,240 s
Chloroform 650 99% 94% 5s
_1p8
DASA 3-IP Toluene 655 100% 100% 40s
Chloroform 640 42% - -
17
DASA 4-I Toluene 636 N/A - -

[2ldetermined through UV-Vis.
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2.3.1. Solid-state analysis of the ionic character of DASAs

X-ray structural analysis of the open form of DASAs provided valuable insight into
the ground-state ionic character in the solid-state.*'° Bond length alternations (BLA)
patterns were used to analyze the ionic character, with a negative BLA value indicating
zwitterionic character. To compare the crystal structures of DASA derivatives, we grew
single crystals of DASA 2-1M-H, 3-1P-H, and 4-11-H and used previously reported XRD
data, including DASA 1-EM (Figure 2.1).34! The previously reported DASA 1-EM!! was
used due to increased crystallinity provided by the diethylamine donor in comparison with
DASA 1-MM. In addition, DASA derivatives bearing non-methylated indoline donors
(DASA 2-IM-H and DASA 3-1P-H, indicated by “-H” in the compound label) were used as
model compounds for DASA 2-1M and DASA 3-1P, respectively.

As expected, for DASA 1-EM, bearing a strongly donating alkyl donor, the bond
length alternations (BLADbasa 1-em = -0.056 A) shows a more zwitterionic form than
DASA 2-IM-H and DASA 3-1P-H with weakly donating indoline-based donors, which
have similar, hybrid/zwitterionic ground-states (BLApasa 2-im = -0.013 A and BLADAsA 3-1p

=-0.018 A).
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Figure 2.1 A. Photoswitches used for the XRD study. B. Bond length alternation (BLA)
patterns for the triene moieties of the open forms of the DASAs derived from single-crystal
XRD. For the BLA calculations, only the C—C bonds were considered. DASAs with
diethylamine and non-methylated indoline donors were used as model compounds due to
their increased crystallinity compared with their counterparts with dimethylamine and 2-
methylindoline donors. Figure reprinted with permission from Chem. A Eur. J. 2021, 27

(12), 4183-4190. Copyright (2021) John Wiley and Sons.

Herein, we define a hybrid as having a more delocalized conjugated triene system.
Interestingly, DASA 4-11-H, with shows irreversible photoswitching, reveals opposite
alternating bond slopes (BLAbasa 4-1-+ = 0.026 A) and resides in a more neutral ground
state, as shown in Figure 2.1B. This is in agreement with XRD data reported previously that
revealed non-photochromic spiro-oxazines predominantly reside in a neutral “quinoidal”
structure.? To further extend this study, we compared the BLA values of 13 previously
published open-form crystals,>#!! in addition to those of the three crystals grown in this
study, shown in Figure 2.2 and Table 2.2. In most cases, the XRD data supported that

photoswitching DASA molecules evaluated by using this approach have some zwitterionic
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character in the solid-state, as exemplified by negative BLA values ranging from -0.013

to -0.056 A (Table 2.2). Conversely, DASA 4-11-H, has the most positive BLA of 0.026 A,
and shows linear photodegradation and irreversible switching. These results suggest that a
charge-separated, hybrid/zwitterionic ground-state is an important design principle for
photoswitchable DASAs. Of note, the BLA values derived from the crystal structures are
similar for both the second- and third- generation derivatives (-0.013 and -0.018 A), which is
not consistent with the vastly different photoswitching behavior observed for the two
generations in solution. This is not surprising because XRD relies on a single crystal
environment, whereas the photoswitching properties of DASAs have been shown to be

highly dependent on environmental factors such as solvent and concentration.

(o) X
2
R* ¢, ¢ .-:~
1N A, ~ R
¢ c C
5
145F
1.40 4+

-=- DASA 4-II »- DASA3-IP
-~ DASA 2-IM - DASA 1-EM

DASA S2-PM »- DASA S2-MB

-=- DASAS2-DM  -m- DASA S2-AM

/ -=- DASAS1-PM  -= DASAS1-PB

1.30 4 / #- DASA S1-MPM DASA S1-MM

/ DASA S1-IM DASA S1-EB

. -=- DASAS1-DM  -=- DASA S1-BB

-=- DASANH

bond length (A)
%
(3]

NC, C©, ©CC C;C CeC, C,Cy

Figure 2.2 Comparison of bond lengths along the triene of 17 open form DASA crystals

showing a varying degree of charge-separation.
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Table 2.2 Bond lengths along the conjugated triene of seventeen linear DASA compounds
as determined by single crystal X-ray structures. Bond length alterations (BLA) defined as
the difference between the average bond length of the C—C single bonds and the average

bond length of the C—C double bonds

N-Ci Ci-Ch | Ch-Cg | Cg-Cf | Cf-Ce | Ce-Cd | BLA

DASA 1-EMY 1.285 1403 | 1.353 | 1401 1.346 1.411 | -0.056

DASA 2-IM-H 1.323 1377 | 1.374 | 1.384 1.381 1.411 | -0.013

DASA 3-1P-H 1.330 1.389 | 1.382 | 1.401 1.384 1.412 | -0.018

DASA 4-11-H 1.343 1.375 | 1405 | 1.385 1.403 1.374 | 0.026

DASA S1-IM1! 1.307 1.410 | 1376 | 1417 1.376 1.430 | -0.043

DASA S2-DM?® 1.327 1.390 | 1.377 | 1.399 1.384 1.408 | -0.018

DASA S2-PM? 1.343 1.392 | 1.389 | 1.402 1.381 1.405 | -0.015

DASA S1-EB!! 1.309 1383 | 1.361 | 1.397 1.362 1.399 | -0.032

DASA S1-DM 1.311 1.408 | 1371 | 1.410 1.370 1.423 | -0.043

DASA S1-MM! 1.311 1404 | 1371 | 1412 1.373 1.428 | -0.043

DASA S1-PMm1! 1.320 1.392 | 1.388 | 1.410 1.376 1.436 | -0.031

DASA S1-MPM? 1.311 1.400 | 1375 | 1412 1.375 1.419 | -0.035

DASA S2-AM3 1.326 1.390 | 1.381 | 1.4083 1.380 1.416 | -0.022

DASA S1-PB* 1.315 1.397 | 1380 | 1.410 1.378 1.424 | -0.031

DASA S1-BB* 1.311 1.406 | 1.362 | 1.415 1.372 1.422 | -0.047

DASA S2-MB* 1.347 1.373 | 1.403 | 1.389 1.397 1.406 | 0.011

DASA NH 1.318 1.392 1.38 1.396 1.382 1.399 | -0.015

2.3.2. Solution-state analysis of the ionic character of DASAs

To gain insight into the charge separation of DASAs in solution, we analyzed the
solvatochromic shifts of DASA derivatives. For this we used the Dimroth—Reichardt Et
solvent polarity scale to explore the dipolar nature of the DASAs.*? The Dimroth—Reichardt
EtN solvent polarity scale takes into account solvation effects arising from both nonspecific
(e.g., dipole-dipole, induced dipole-induced dipole) and specific (e.g., hydrogen bonding)

interactions, and the slope can provide insight into the difference in dipolar character
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between the ground and the excited states. A negative solvatochromic slope (blueshifts in
more polar solvents) suggests stabilization of the zwitterionic ground state with increasing
solvent polarity. Conversely, a positive solvatochromic slope suggests a more dipolar
excited state that is stabilized with increasing solvent polarity. The scale is based on the
electronic transitions of a polarity probe dye in a range of solvents with nonpolar
tetramethylsilane (TMS) (ETN = 0) and polar water (ETN = 1.0) as references. The features
of the absorption bands were correlated with the Dimroth-Reichardt ETN solvent polarity
scale of 10 solvents (Table 2.3).22 The four photoswitches studied and their corresponding
photoswitching properties (thermodynamic equilibrium, PTS, and thermal half-life) in
chloroform are shown in Figure 2.3A. Figure 2.3B shows the blue-shift of the absorption
band of DASA 3-1P with increasing solvent polarity. Figure 2.3C shows the plots of
absorption maximum versus the polarity of the solvents of the four DASA derivatives.
DASA 1-MM, DASA 2-1M, and DASA 3-IP all show negative solvatochromic shifts (blue-
shifts in more polar solvents), which suggests stabilization of the zwitterionic ground state
with increasing solvent polarity (with a slope ranging from -7 to -60 nm). Interestingly,
DASA 4-11-H shows a positive solvatochromic shift with a slope of 14 nm (red-shift in
more polar solvents), which suggests a more dipolar excited state that is stabilized with
increasing solvent polarity. In agreement with the XRD results, this suggests that the

reversible and non-reversible DASAs have different dipolar nature.
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Table 2.3 The ten solvents and corresponding @ solvent polarity value using the

Dimroth—Reichardt Et solvent polarity scale. The @ scale is based on the electronic

transitions of a polarity probe dye in a range of solvents which is normalized to nonpolar

tetramethylsilane (TMS) (ﬂ = 0) and polar water (ﬂ =1.0).13

Solvent | Tol | Et,O | THF | EtOAc | CHCI; | CH.Cl, | Acetone | DMSO | ACN | MeOH
EIN 0.099 | 0.117 | 0.207 | 0.228 0.259 0.309 0.355 0.444 | 0.460 | 0.762
A DASA 1-MM (6) B
0._0
| R N
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Figure 2.3 A. DASA derivatives studied together with the thermodynamic equilibria,

photothermal stationary states, and thermal half-lives in chloroform for each DASA.

B. UV/Vis spectra of DASA 3-IP in a range of solvents. Blue-shifts are observed with

35




increasing solvent polarity. C. Solvatochromic shift analysis for DASA 1-MM, DASA
2-MI, DASA 3-1P and DASA 4-11-H in solvents of different polarity using the Dimroth—
Reichardt Et solvent polarity scale. D. The solvatochromic trends of DASA 3-1P (top),
DASA 2-IM (middle) and DASA 1-MM (bottom) are visible to the naked eye. The images
shows that DASA 3-IP and DASA 1-MM are more sensitive to the environment than
DASA 2-1M. Figure reprinted with permission from Chem. A Eur. J. 2021, 27 (12), 4183—

4190. Copyright 2021 John Wiley and Sons.

To gain a better understanding of the varying contributions of the zwitterionic
resonance form, we compared the negative slopes of the reversible switching DASAs. The
slopes of DASA 1-MM and DASA 3-1P are comparable, with slopes of -46 and -60 nm.
This is in contrast with the XRD data, which suggests DASA 3-IP has less zwitterionic
character than DASA 1-MM. DASA 2-1M, however, has a significantly lower negative
shift, with a slope of -7 nm, which supports the hybrid character shown by the XRD data.
The more pronounced negative solvatochromism of DASA 1-MM and DASA 3-1P suggests
that these derivatives have more zwitterionic character than DASA 2-1M, which correlates
with the respective electronic character of the donor and acceptor. The solvatochromic
trends area visible by eye. Figure 2.3D shows that DASA 3-1P and DASA 1-MM are more
sensitive to the environment than DASA 2-IM. DASA 1-MM has a strongly donating
alkylamine donor and a weakly withdrawing Meldrum’s acid based acceptor, whereas
DASA 3- IP contains a weaker arylamine donor and a strongly electron-withdrawing CF3-
pyrazolone acceptor. DASA 2-1M consists of both a weak donor and a weak acceptor,
resulting in overall weaker charge separation or a hybrid structure. The highly charge-

separated DASAs (DASA 1-MM and DASA 3-1P) show similar switching properties,
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including a high percent of open form in the dark (94 and >95% in chloroform), fast thermal
reversion (tuz = 173 sand 5 s), and limited solvent capability. In contrast, DASA 2-I1M is
less sensitive to the environment and experimentally switches in a wider range of solvents
but has a compromised equilibrium. Beves and co-workers reported absorption profiles for a
series of second-generation DASASs bearing aniline-based donors in various solvents. In
agreement with our observed trend, these solvatochromic slopes can be correlated with the
relative dark equilibrium (Figure 2.4).2 The solvatochromic shifts reveal the dipolar nature
of DASAs and provide a simple experimental method to help understand the switching
properties of different DASA derivatives while also providing a more accurate
representation of the push-pull system than the XRD data. Feringa® and Marazzi'* and their
co-workers have both independently shown in theoretical studies that an increasing
zwitterionic resonance contribution lowers the energy barrier of the thermal reversion
between A and A’ (Figure 1.7), which is consistent with our results. This inhibits switching

in more polar solvents, as thermal reversion outcompetes electrocyclization.

37



A

0 o\/ /
S 0 (] 0 o
N~ )01 o [ oH Jv\ A ‘ o’ O\F [ o \/7
P2 = ¥
/\l/ NN ‘/\/N\%\%\/ ]/0 l/\/N S P O/N\/ AN o
Ny o
r‘c 9 ~ o AN 10 (] A o F Z 12 o
DASA S2-DM DASA S2-PM DASA S2-AF
Slope = -36.1 Slope = -32.6 Slope = -18.2
Keq = 83% Keq = 54% Keq = 14%
B of b C 100 4 . +
- « DASA S2-DM = -
« DASA S2-PM £ 8oy
570+ DASA S2-AM E€
3 4 DASAS2-FM 2 -
£ .
£ S -I__’ X .
£ ; B 3 bad | . g
g - H
- = 2
s seo¢ Slope = -36.1 3
g g 4ot
z - e >
A . .
~. Slope=-32.6 E . « DASA S2-DM
§ o BAA S
5504 i Siope=-18.2 » X 4 DASAS2.FM
o L
.
+ + + - . N + N 04 . N = ' F.
0.0 0.1 0.2 03 04 05 0.6 0.7 15 20 25 30 35 40
Efr‘ slope of solvatochromatic shift (-dipole)

Figure 2.4 A. Aniline-based donor studied by Beves et al.> B. Reported absorption
maximum vs the polarity value of the solvents for the studied DASAs all show negative
solvatochromic slopes. C. Negative solvatochromic slopes correlated with the reported

relative dark equilibrium in chloroform.

To extend this study to polymers, we analyzed absorbance shifts within polymer
blends that have been shown to facilitate photoswitching.*>'® We blended the DASAs into
polymer matrices varying in polarity. For the polarity values of the polymer study, we
extracted and predicted polarity value based on the well-defined value of the solvent small
molecules. For example, H ~ mu of polyacrylonitrile was estimated to have similar polarity
as acetonitrile, polystyrene to toluene and poly (methyl methacrylate) to ethyl acetate.
Although this assumption does not consider factors such as intermolecular interactions
specific to the polymer blends. Thin film DASA blends were prepared by spin coating on an

ozone treated microscope glass slide. First, an 89 mg/mL polymer solution in DCM or DMF
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was prepared in a vial and sonicated at room temperature for 1 hr. Separately the
corresponding DASA solution (an approximately 7 mg/mL was prepared in DCM or DMF
and 0.15 mL was added to the polymer solution resulting in a 90 mg/mL solution.) After
spin-coating, the slides were put in a vacuum oven at 60 °C for 2 hours and the maximum
absorbance was measured using UV-Vis spectroscopy. We observed the same negative
solvatochromic trends for the polymer blends as we did for the solution solvatochromatic
study (Figure 2.3C and Figure 2.5). Taken together, these results show that DASA
photoswitching molecules have a high degree of charge-separation in the ground state in

both solution and solid macromolecular environments.

700 £+ + } + } } H
Slope = -70+31
s 4
| B G-l N
g Slope = 24+16 I e
i —
2 6004 N i i
o Slope=-42¢4 = T TS =ema. N
Q
>
g = DASA1-EM
A DASA 2-MM
550 4+ ¢ DASA3-IP
o v DASA 4-lI-H
Slope=-78+1 ~ @< _ _
T
500 } ' + ' ' &
0.0 0.1 0.2 0.3 0.4 0.5 0.6
E}

Figure 2.5 The maximum absorbance of DASA 1-EM, 2-MM, 3-IP, and 4-I1-H in polymer

blends (PS, PMMA, PAN) correlated with mu polymer polarity with error.

With a better understanding of the contribution of the zwitterionic resonance open
form, we were also interested in evaluating the ionic character of the closed form. Previous

studies have shown the closed form of first-generation DASAs with alkyl donors to be
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zwitterionic, whereas second-generation DASAs have been shown to form neutral (keto or
enol) closed-form isomers by 2D NMR analysis.®# There have been no reports on the
closed-form isomers of third-generation derivatives. In accordance with the previous reports,
2D NMR analysis shows a zwitterionic closed form for DASA 1-MM (Scheme 2.1-2.2) and
a neutral (keto) closed form for DASA 2-1M (Scheme 2.3-2.4). Interestingly, despite the
weakly donating indoline-based donor, 2D NMR analysis reveals a zwitterionic closed form

for DASA 3-1P, similarly to first-generation DASAS (Scheme 2.5-2.6).
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Scheme 2.1 HSQC-NMR (600 MHz, DMSO-ds) of DASA 1-MM. Only the zwitterionic
closed form can be observed. Only three C-H interactions in the region between 5.5 and 2.5

ppm can be observed.

40



-
S

F10
20

r30

% )
- ¢ 40

AT
50

60
B _ i 70
+80
90
1= =100
110
120

+130

5.0 45 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5
chemical shifts (ppm)

Scheme 2.2 HMBC-NMR (600 MHz, DMSO-ds) of DASA 1-MM. Only the zwitterionic

closed form can be observed.
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Scheme 2.3 HSQC-NMR (600 MHz, chloroform-d) of DASA 2-IM. The different isomers

are marked. For the keto isomer integrating with 0.3 lower case letters were used.

Importantly all signals are bound to a carbon.
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Scheme 2.4 HMBC-NMR (600 MHz, chloroform-d) of DASA 2-IM. The different isomers

are marked. For the keto isomer integrating with 0.3 lower case letters were used.

Importantly all signals are Signal A interacts with both the carbons of C and B.
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isomers can be observed. No C-H interaction for the N-H proton at 11.5 ppm (C) can be

observed.
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Scheme 2.6 HMBC-NMR (600 MHz, DMSO-ds) of DASA 3-1P. Two zwitterionic closed

isomers can be observed.

2.3.3. Computational calculations of the ionic character of DASAs

Our results from the solvatochromic analysis are supported by theoretical
calculations performed at the M06-2X/6-31+G(d,p) level of theory in toluene, chloroform,
and acetonitrile with the SMD solvent model using the Gaussian16 software.'®*?? The
calculated dipole moments and BLAs in chloroform were compared with the experimental
results summarized in Table 2.4. Importantly, the calculations show the same trends as
provided by the solvatochromatic slopes (derived by linear trend extraction from Figure
2.3C). Where DASA 1-MM and DASA 3-1P have the highest calculated dipole and most

negative BLA values, in agreement with the more negative solvatochromic slopes.

45

chemical shift (ppm)



Consistent with the experimental results, DASA 4-11 has a smallest dipole and the most
positive BLA. Interestingly, the variation in solvent polarity with the HOMO-LUMO energy
gap shows that the gap in DASA 2-1M is relatively unchanged as a function of solvent,
whereas the gap for DASA 3-1P increases with increasing solvent polarity, in agreement
with the blue-shift observed in the solvatochromic study (Figure 2.6). The calculations also
revealed the change in the length of the hydrogen bond between the —OH and carbonyl of
the acceptor as a function of solvent (Figure 2.7). The hydrogen bond in DASA 3-IP is
strengthened in more polar solvents compared with in DASA 2-IM. It is possible that this
hydrogen bond plays a key role in stabilizing the open form in the absence of light, resulting

in equilibrium control.

Table 2.4 Experimental data compared to computational calculations.

DASA Slopel® [nm] BLAPI [A] | Dipolel®[D] | BLAF [A]
DASA 3-1P -60 -0.018 17.4 -0.010
DASA 1-MM -46 -0.056 14.7 -0.007
DASA 2-IM -7 -0.013 12.0 0.010
DASA 4-11 14 0.026 9.0 0.023

[al Solvatochromic slopes derived by linear trend extraction of Figure 2.3C. ! Bond length alternation
values are extracted from the XRD data of the model compounds DASA 1-EM, DASA 2-IM-H, DASA
3-1P-H, and DASA 4-11-H shown in Figure 2.1. [l Dipole and BLA values calculated at the M06-2X/6-
31+G(d,p) level of theory in chloroform using the SMD solvent model.
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Figure 2.6 Comparison of solvent polarity vs HOMO-LUMO energy levels of DASA 1-
MM, DASA 2-IM, DASA 3-1P, and DASA 4-11. The HOMO-LUMO gaps of DASA 2-IM
and DASA 4-11 are relatively unchanged as a function of solvent polarity, while the gap of
DASA 1-MM and DASA 3-IP increases with increasing solvent polarity, in agreement with

the observed blue shift in Figure 2.6B.
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Figure 2.7 Comparison of solvent polarity vs the hydrogen bond length between the -OH
and the carbonyl of the acceptor of DASA 1-MM, DASA 2-I1M, DASA 3-IP, and DASA 4-
I1. The hydrogen bond in DASA 3-IP is strengthened in more polar solvents compared to

DASA 2-IM.

2.4. Influence of ionic character of DASA on photoswitching

To study the importance of the ionic character of the DASA derivatives for their
switching kinetics, we next sought to demonstrate the ability to tune the switching kinetics
by using ion concentration as an external trigger. For this, we used the ionic liquid 1-butyl-
3-methylimidazolium hexafluorophosphate (1L for ionic liquid) as an ion pair soluble in
organic solvents. We added 1 and 10 mM IL to each derivative and monitored the rates of
the forward photoswitching and thermal back reaction (ks) by using time-dependent pump-
probe UV/Vis spectroscopy. The recovery data obtained from time-dependent UV/Vis
spectroscopy was fit to an isomer equilibrium model assuming first order rates of opening

and closing. The model used was of the form:

48



d[Open]
dt

= —kg[Open]; + kg([Open]o — [Open];)

For recovery:

kF + kBe_(kB+kF)t

[Open]; =1 — PR

[Open],

where kr, ks, and [Open]o represent the rate of closing in the dark, the rate of opening
in the dark, and the initial concentration. Samples were left to equilibrate overnight, and
thermodynamic equilibrium was considered for initial concentration. Samples were
irradiated for 100 s before recovery. During the recovery 100 measurements were taken at
varying time intervals (14 s for DASA 1-MM, 125 s for DASA 2-1M, 2 s for DASA 3-1P).
Upon addition of IL to DASA 1-MM, we observed a significant decrease in the rate of the
forward reaction under light irradiation with 10 mM IL, almost completing inhibiting
photoswitching (Figure 2.8). Due to low solubility of the closed form at higher
concentration, we were unable to obtain a thermodynamic equilibrium and therefore the
switching kinetics. For DASA 2-1M, bearing the most neutral open and closed form, a slight
decrease in the forward reaction kinetics was observed with only a small effect on the
recovery to the open form (ke increases from 0.006 to 0.008 min* upon the addition of
10 mM IL, a 1.4-fold rate increase; Figure 2.9). Although less dramatic than for
DASA 1-MM, the addition of IL to a solution of DASA 3-1P also resulted in a change in
PTSS from 89% to 55% under light irradiation. After the irradiation of DASA 3-1P was
stopped, we can observe a 2.3-fold increase in the rate of recovery from 7.9 min to
17.8 mint upon the addition of 10 mM IL. Taken together, these results highlight that the
change in PTSS results from a combination of a decrease in the forward reaction rate and

increased recovery (Figure 2.10).
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Figure 2.8 Time-dependent UV/Vis analysis of DASA 1-MM monitored at 540 nm, (Amax),
irradiated with a 530 nm LED with no IL, ImM IL and 10mM IL. Figure adapted with

permission from Chem. Eur. J. 2021, 27, 1 —9 (1). Copyright 2021 John Wiley and Sons.
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Figure 2.9 Time-dependent UV/Vis analysis of DASA 2-1M monitored at 591 nm, (Amax),
irradiated with a 595 nm LED with no IL, ImM IL and 10mM IL. Figure adapted with

permission from Chem. Eur. J. 2021, 27, 1 — 9 (1). Copyright 2021 John Wiley and Sons.
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Figure 2.10 Time-dependent UV/Vis of DASA 3-1P monitored at 647 nm, (Amax), irradiated
with a 617 nm LED with no IL, ImM IL and 10mM IL. Figure adapted with permission

from Chem. Eur. J. 2021, 27, 1 — 9 (1). Copyright 2021 John Wiley and Sons.

2.5. Influence of ionic character mimics observed concentration effects

The switching properties of DASA derivatives with highly charge-separated open
and closed forms, such as DASA 1-MM and DASA 3-1P, can be tuned by modifying the
ionic character of the solution. In contrast, the addition of IL to DASA derivatives with
hybrid open and neutral closed forms, such as DASA 2-1M, has only a small effect on
switching kinetics. These results mirror the previously reported concentration dependence of
DASA 3-IP on photoswitching, suggesting that the higher contribution of the zwitterionic
resonance form of DASA 3-IP might be responsible for the reduced photoswitching
observed at high concentrations. To test this hypothesis, we compared the effect of
concentration on the less charge-separated DASA 2-1M and the more charge-separated
DASA 3-IP by using time-dependent pump-probe UV/Vis spectroscopy with a demountable

liquid cell with variable pathlengths. A demountable liquid cell (DLC-M13) with variable
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pathlengths, UV-grade fused silica windows (WAD-U22) and an optical table sample slide
holder (HSS-OTE) were purchased from Harrick Scientific Products Inc. The pathlength
through the DLC can be varied from 6 pm to 1 mm by selecting the appropriate PTFE
spacers. The hybrid DASA 2-1M shows a negligible change in PTSS at concentrations from
125 uM to 10 mM (Figure 2.11A), with the rate of recovery increasing from 0.0058 min-! at
125 puM to 0.0067 mint at 10 mM. In contrast, the effect of concentration on DASA 3-I1P
was more dramatic. In this case we observed a change in PTSS from 91% to 64% and a 1.6-
fold increase in recovery (10 min at 125 uM to 16 min at 10 mM) as the concentration
increased (Figure 2.11B), which is consistent with previously reported results.? Similar
experiments with DASA 1-MM were unsuccessful due to limited solubility of the closed
isomer at concentration above 100 uM. These results reveal the previously reported
concentration dependence is not universal for all DASA derivatives, for example,

DASA 2-IM, which has a PTSS of 100% at 10 mM. Importantly, these results provide a
path towards designing DASA derivatives able to operate at high concentrations by lowering
the ground state charge separation in the open form and enabling the formation of a neutral

closed isomer.
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Figure 2.11 Influence of increasing concentration of DASA derivatives on their switching
Kinetics, determined by using time-dependent pump-probe UV/Vis spectroscopy equipped
with a flow cell with variable pathlengths. The concentrations measured were from 125 uM
to 10 mM and the samples were irradiated with a 617 nm LED. The irradiation started at
t=0.3 min and ceased at t=2.0 min; the subsequent thermal recovery in the dark was
measured. A. Time-dependent UV/Vis of DASA 2-1M monitored at 591 nm, (Amax).

B. Time-dependent UV/Vis of DASA 3-1P monitored at 647 nm, (Amax). Figure reprinted

with permission from Chem. A Eur. J. 2021, 27 (12), 4183-4190. Copyright 2021 John

Wiley and Sons.

2.6. Using additives to overcome the concentration dependence

Guided by the studies describe above, we sought to demonstrate the ability to tune
the switching kinetics by using as an external additive, ionic liquid. Specifically, we wanted
to investigate if the addition of additives could be used to decrease the rate of the back
reaction. Interestingly, we found using small amount of ethanol, ether and water had a
dramatic effect of the back reaction rate. For example, 0.75 vol% ethanol effects the back

reaction rate by an order of magnitude as shown in Figure 2.12. This introduced another

53



method for overcoming the concentration dependence by decreasing thermal recovery. By
utilizing additives, we demonstrated switching of more charge-separated DASAS such as
DASA 3-IP at concentrations not previously possible, as shown in Figure 2.13. Finally, this
study has a broader impact to the DASA community because it highlights how sensitive
some DASAs are to the environment. It is important to note that companies sell chloroform
which is stabilized by 0.75% ethanol. Thus, there have been inconsistencies within the
literature, specially the experimental and theoretical work, whether thermal recovery in
faster in aprotic polar or nonpolar environments. Whereas theoretical studies support
thermal reversion should be faster in polar solvents such as chloroform compared to
toluene,® experimental studies shows the opposite.>2* We believe this discrepancy and some
of the inconsistencies in the literature can be explained by the use of chloroform that is
stabilized by ethanol, resulting in a dramatic decrease in the back reaction rate. To test this
hypothesis, we measured the switching kinetics with multiple different types of chloroform
including unstabilized (HPLC grade), deuterated, amylene stabilized, and ethanol stabilized.
We found in the case of the ethanol stabilized chloroform there was a significant change in
kinetics as shown in Figure 2.14, which accounts for the experimental observations. Thus, to
compare photoswitching kinetics of DASAs throughout the literature it is crucial to use dry
solvents and materials, as well as make sure solvent stabilizers are not playing a role.
Further studies to understand the role of additives on the energy landscape are currently in

process.
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Figure 2.12 Time-dependent UV/Vis of DASA 3-1P monitored at 647 nm, (Amax), irradiated

with a 617 nm LED at 250 uM with no ethanol and 0.75% ethanol.
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Figure 2.13 Images of DASA 3-1P at 250 uM in chloroform. The left shows a solution with
no additives resulting in no observable switching upon irradiation with white light. The right
shows a solution with 0.75% ethanol resulting in observable switching to a colorless

solution upon irradiation with white light.
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Figure 2.14 Time-dependent UV/Vis of DASA 3-1P monitored at 647 nm, (Amax), irradiated

with a 617 nm LED at 250 uM with different types of chloroform.

2.7. Conclusion

The effects of solution-state dielectric and intermolecular interactions on the degree
of charge separation provides a route to understand the switching properties and
concentration dependence of DASAs in solution. Through easy-to-perform solvatochromic
analysis, absorption data can be used to correlate switching behavior and charge separation
in conjunction with XRD, computational theory, and time-dependent pump-probe UV/Vis
spectroscopy. We have shown that DASAs with the first- and third-generation architectures
have higher zwitterionic resonance contributions of the open form and zwitterionic closed
forms in solution, whereas the second-generation structure exhibits a hybrid open form and
neutral closed isomer. Furthermore, the DASA 4-11-H exhibits a different dipolar nature,
which could be a potential reason for its irreversible switching behavior. Importantly, we
have highlighted the influence of ionic character of the DASAS on their photoswitching

properties through the addition of ionic liquids. The more hybrid DASA 2-1M showed only
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limited change in switching behavior upon addition of the ionic liquid, whereas

DASA 1-MM and DASA 3-1P with more zwitterionic open and closed forms showed a
more dramatic effect. Additionally, we have shown that the previously reported
concentration dependence of DASA 3-1P relies on the ionic character of the respective open
and closed forms, with the more hybrid DASA 2-1M being less affected. These results
highlight the importance of the charge separation of the DASAS on their switching kinetics
and the ability to influence certain DASA derivatives through external stimuli. We introduce
two methods for overcoming the concentration dependence of DASA: 1) to achieve
photoswitching of DASAS at high concentration, a more hybrid DASA architecture should
be used; and 2) the ability to use external triggers to decrease the back reaction rate of more
charge-separated DASAs. Furthermore, these results enable photoswitching at
concentrations not previously possible, thereby overcoming a major challenge for
applications needing high concentrations of DASA photoswitches as organic

photomechanical materials.
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2.9. Experimental section
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Figure 2.15 All open form compounds referenced in either the paper or supporting

information.
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Scheme 2.7 (2)-4-((2Z,4E)-2-hydroxy-5-(indolin-1-yl)penta-2,4-dien-1-ylidene)-2-phenyl-

5-(trifluoromethyl)-2,4-dihydro-3H-pyrazol-3-one (DASA 3-1P-H (3)):

The furan adduct 2 (500 mg, 1.63 mmol, 1.0 equiv) was stirred in minimal methanol
(approximately 5 mL) then indoline 1 (0.28 mL, 292 mg, 2.45 mmol, 1.5 equiv) was added.
The reaction was stirred for 4 h and monitored by TLC for consumption of 2. The reaction
mixture was then filtered to yield the product as a green powder and washed with ether to
afford the product DASA 3-1P-H (458 mg, 1.08 mmol, 66%). Crystals of (DASA 3-IP-H)
were grown by dissolving 10 mg in 1.5 mL of THF. The solution was stirred, sonicated and
filtered. 2.5 mL of ether was layered on top as an anti-solvent. The vial was then capped and
allowed to sit in the dark for three days for the crystals to grow. CCDC Deposition

number: 2039176.

DASA 3-1P-H (3): 'H NMR (500 MHz, chloroform-d) &/ppm: 7.95 (d, J = 8.1 Hz, 2H), 7.77
(d, J =11.0 Hz, 1H), 7.52 — 7.36 (m, 2H), 7.17 (t, J = 7.5 Hz, 1H), 7.11 (d, J = 8.2 Hz, 1H),
6.75 (d, J = 12.1 Hz, 1H), 6.66 (s, 1H), 6.34 (t, J = 12.3 Hz, 1H), 4.20 (t, J = 8.0 Hz, 2H),
3.37 (t, J = 8.0 Hz, 2H). IR (thin film) 2920, 2112, 1604, 1556, 1487, 1474, 1354, 1304,
1275, 1253, 1236, 1222, 1205, 1166, 1148, 1094, 1000, 980, 944, 905, 878, 831, 785, 755,
710, 686, 618, 558 cmt. HRMS (ESI), calculated for C2sH1sF3sN3NaO2* (M+Na*): 448.1249,

observed 448.1257.
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30 32 DASA 4-II-H (4)

Scheme 2.8 2-((2Z,4E)-2-hydroxy-5-(indolin-1-yl)penta-2,4-dien-1-ylidene)-1H-indene-

1,3(2H)-dione (DASA 4-11-H(4)):

The furan adduct 3! (200 mg, 0.89 mmol, 1.0 equiv) was stirred in minimal methanol
(approximately 4 mL) then indoline 1 (0.12 mL, 127 mg, 1.07 mmol, 1.2 equiv) was added.
The reaction was stirred overnight and monitored by TLC for consumption of 3. The
reaction mixture was then filtered to yield the product as a blue powder and washed with
ether to afford the product DASA 4-11-H (188 mg, 0.55 mmol, 62%). Crystals of (DASA 4-
I1-H) were grown by dissolving 10 mg in ImL of THF. The solution was stirred, sonicated,
and filtered. A mL of ether was added on top as the anti-solvent. The vial was then capped

and allowed to sit in the dark for three days. CCDC Deposition number: 2039175.

DASA 4-11-H(4): *H NMR (600 MHz, chloroform-d) 8/ppm: 11.31 (s, 1H), 7.78 (ddd, J =
10.7, 6.2, 2.1 Hz, 2H), 7.64 (tt, J = 7.3, 5.9 Hz, 2H), 7.58 (s, 1H), 7.23 (d, J = 7.2 Hz, 1H),
7.02 (dd, J = 8.6, 5.6 Hz, 2H), 6.97 (s, 1H), 6.54 (d, J = 11.9 Hz, 1H), 6.10 (s, 1H), 4.07 (t, J
= 8.2 Hz, 2H), 3.29 (t, J = 8.2 Hz, 2H). IR (thin film) 2324, 2062, 1982, 1687, 1615, 1585,
1528, 1487, 1451, 1434, 1328, 1291, 1229, 1202, 1181, 1137, 1112, 932, 875, 846, 812,
798, 750, 728 cm . HRMS (ESI), calculated for C22H17NNaOs* (M+Na*): 366.1106,

observed 366.1106.
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Scheme 2.9 'H NMR (500 MHz, chloroform-d) of DASA 3-1P-H (3).
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Scheme 2.10 *H NMR (600 MHz, chloroform-d) of DASA 4-1P-H (4).
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Scheme 2.11 *H-NMR (600 MHz, DMSO-ds) of DASA 1-MM (13). Only the zwitterionic

closed form can be observed.
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Scheme 2.12 3C-NMR (125 MHz, DMSO-ds) of DASA 1-MM (13). Limited solubility of

the closed isomer results in minimal signal.
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73



Chapter 3. Tunable photothermal actuation enabled by photoswitching of

DASAS

3.1. Abstract

We report a visible light-responsive bilayer actuator driven by the photothermal
properties of a unique molecular photoswitch: donor—acceptor Stenhouse adduct (DASA).
We demonstrate a synthetic platform to chemically conjugate DASA to a load-bearing
poly(hexyl methacrylate) (PHMA) matrix via Diels—Alder click chemistry that enables
access to stimuli-responsive materials on scale. By taking advantage of the negative
photochromism and switching kinetics of DASA, we can tune the thermal expansion and
actuation performance of DASA-PHMA under constant light intensity. This extends the
capabilities of currently available responsive soft actuators for which mechanical response is
determined exclusively by light intensity and enables the use of abundant broadband light
sources to trigger tunable responses. We demonstrate actuation performance using a visible
light-powered cantilever capable of lifting weight against gravity as well as a simple
crawler. These results add a new strategy to the toolbox of tunable photothermal actuation
by using the molecular photoswitch DASA. This Chapter was adapted with permission from
ACS Appl. Mater. Interfaces 2020, 12, 54075-54082.1 Copyright 2020 American Chemical

Society.
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3.2. Introduction

Developing a high efficiency photoswitch is not sufficient to make a viable
photomechanical material. Once such a molecule is incorporated into a solid matrix, numerous
factors can affect its ability to react, including polymer matrix and photochrome density. We
need reliable, modular, and efficient methods to access photoresponsive materials. DASA-based
materials hold tremendous promise in this area, however actuator designs to explore these novel
switches remains unexplored.

In this chapter, we aim to develop a load-bearing material that can respond to
broadband visible light and empower tunable actuation. We enable tunability by exploiting a
previously unexplored strategy that introduces cooperative photothermal actuation and
photochemical control using negatively photochromic materials. To achieve this, we
leverage the intrinsic photochemical properties of donor—acceptor Stenhouse adducts
(DASAS).2* DASAs have a high molar absorptivity (>100,000 M-tcm™) and adjustable
absorption profiles in the visible to near-IR window.? We hypothesize that upon irradiation
with visible light, the rapid photothermal energy conversion of DASAs can be harnessed to
drive mechanical actuation, while the conversion from a highly absorbing colored form to a
colorless and transparent form can switch off the photothermal sensitizer to enable
photochemical control (Figure 3.1). The rapid photothermal heating enables the use of
simple design principles including an amorphous structure and bilayer configuration,
avoiding the complex processing step of molecular alignment of LCNSs.® The kinetics of
these transitions can be controlled by the design of the photoswitch and physicochemical
conditions.®® This allows photothermal actuation and photochemical control to occur on
different timescales under constant external input, thereby enabling novel forms of

tunability. We recently demonstrated how the controllable photothermal properties, negative
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photochromism and high molar absorptivity of DASAs could be leveraged to achieve self-
regulating control of fluid motion.® In conceptually related work, the use of switchable
tungsten-(V1) oxide nanoparticles, WOs, was used to as photothermal sensitizer for high
color quality 3D printing.°

Herein, we report the development and use of a DASA—polymer conjugate in the
solid state to enable tunable, load-bearing actuation to produce mechanical work. We
demonstrate visible light-powered actuation performance with a cantilever capable of lifting
a weight against gravity and a remotely powered and controlled crawler. Our results
demonstrate the promise of this material design strategy for rapid and self-tunable
photoinduced actuation using negatively photochromic, amorphous materials.

Visible light Visible light

Q 3 -

= o]

N- // OH N'N“( N— N\
N A \/N%) Visible light )‘/b =
FiC

1 kT “ 2
Open Closed
Highly absorbing Non-asborbing

Figure 3.1 Structure and photoswitching of donor-acceptor Stenhouse adducts. The highly
absorbing, colored open form empowers photothermal energy conversion, while the non-
absorbing, colorless closed form generates less heat upon irradiation providing control over
the magnitude of actuation. Reprinted with permission from ACS Appl. Mater. Interfaces

2020, 12, 54075-54082. Copyright 2020 American Chemical Society.
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3.3. Synthesis of DASA-PHMA and bilayer fabrication

To construct the DASA—polymer conjugate and generate a negatively photochromic
light-responsive bilayer actuator, we developed a new synthetic strategy using Diels—Alder
click chemistry (Figure 3.2).1! This method overcomes many limitations of the current
functionalization strategies that rely on DASA formation in the final step including long
reaction times, incomplete functionalization, and multiple post-polymerization steps.” 1214
We chemically conjugated the DASA molecules to the polymer backbone to provide more
uniform dispersion and high thermal stability as compared to physical blending.*® In detail,
copolymers containing poly(hexyl methacrylate) (PHMA) and the functional monomer,
norbornadiene methacrylate (NBD-MA), were synthesized using reversible addition—
fragmentation chain transfer (RAFT) polymerization to generate 10 mol% NBD-PHMA.
Hexyl methacrylate was chosen as a comonomer, due to its optical transparency in the
visible region'® and mechanical properties.!” A maleimide bearing a 3rd generation DASA-
based photoswitch bearing a CFs-pyrazolone acceptor and a 2-methyl indoline donor was
prepared (Scheme 3.1a) due to its high molar absorptivity and enhanced dark equilibrium
compared to prior generations’ and “clicked” onto the polymer using tetrazine to initiate the
cascading Diels—Alder reaction (Scheme 3.1b). Detailed synthetic procedures and

characterization results are shown in the Experimental Section of this Chapter.
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Scheme 3.1 Molecular design of a photothermally-responsive DASA polymer. Synthetic
pathways for (a) DASA-maleimide and (b) DASA-PHMA by “clicking” DASA-—maleimide
onto NBD-PHMA using Diels—Alder chemistry. Adapted with permission from ACS Appl.

Mater. Interfaces 2020, 12 (48), 54075-54082. Copyright 2020 American Chemical Society.

A target incorporation of 10 mol% DASA was chosen to provide sufficient
photothermal heat generation to drive actuation, while enabling control of the switching
kinetics to impart programmability.'® *H NMR and UV-Vis spectroscopy were used to
confirm DASA incorporation: a distinct DASA peak centered at ~ 648 nm was observed in
both the DASA-maleimide and the 10 mol% DASA-PHMA samples (Figure 3.2a).

To demonstrate light-driven motion using this photo-responsive material, a 20 mm x
1.5 mm bilayer actuator was prepared by drop casting (Figure 3.2b). In contrast to the
aligned LCN systems that offer the ability to program complex 3D shape changes, we
initially explored the use of a DASA-PHMA polymer-based system in an amorphous

bilayer in order to lift weight and generate work. Our use of amorphous fabrication
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techniques avoids the complexities of molecular alignment of LCNSs, while also eliminating
the need for thiol-Michael additions!® and radical polymerizations?° that are traditionally
used for LCN preparation but are not compatible with DASA functionality. The fabrication
method is straightforward: a thin film of DASA-PHMA was deposited (film thickness of
~10 um) onto a commercially obtained polyimide (P1) film (thickness of ~25 pum) that
serves as the inactive layer. The thickness was confirmed by scanning electron microscopy
and optical microscopy (Figure 3.2c¢). Differential scanning calorimetry (DSC) of the
DASA-PHMA conjugate indicated an increase in Tg from the parent polymer from —10 °C

to 45 °C (Figure 3.3).

o
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Figure 3.2 (a) DASA—maleimide and DASA-PHMA UV-Vis spectra exhibit identical
absorbance max at ~ 648 nm in solution (chloroform). (b) A photographic image of bilayer
specimen and (c) a cross sectional image of the bilayer (left) taken by an optical microscope,
and (right) an SEM image of the cross section. Adapted with permission from ACS Appl.

Mater. Interfaces 2020, 12 (48), 54075-54082. Copyright 2020 American Chemical Society.
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Figure 3.3 Differential scanning calorimetry (DSC) measurements of PHMA and DASA-

PHMA indicate that the glass transition temperature increases from -10 °C to 45 °C due to the

chemical conjugation of 10 mol% DASA to PHMA.

3.4. Photothermally driven actuation with DASA-PHMA/PI bilayer

With access to DASA-PHMA photoresponsive material, we set out to explore
photothermally-driven actuation using a bilayer DASA-PHMAV/PI cantilever system (Figure
3.4) that takes advantage of the differences in thermal expansion caused by DASA-
dependent heat generation to induce bending.?! A light source (halogen lamp, EKE 150 W
with a fiber optic illuminator) located above the cantilever directly illuminated the DASA-
PHMA layer. A small weight was placed on the tip of the cantilever to evaluate the
capability of the actuator to lift against gravity, thereby performing mechanical work (Figure
3.4a). For each experiment, the deflection of the cantilever tip was continuously recorded
before, during, and after irradiation. Representative snapshot images of the motion are
presented in Figure 3.4b; the dotted blue line indicates the initial cantilever position, which

has bowed under the added weight at the tip. Upon illumination an initial fast lifting motion
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was observed with a speed of ~ 1.8 mm/s for ~ 1 second, followed by a gradual slowing as
the cantilever reached its steady-state deflection (Figure 3.4c). The peak deflection was
achieved within ~ 1.5 s of illumination, and once the light was turned off, the cantilever
returned to its initial position on a similar timescale.
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Figure 3.4 Photothermally-powered DASA-PHMAV/PI bilayer cantilever: actuation
performance and temperature response. (a) Schematic of the experimental configuration. (b)
Snapshot images show that the cantilever lifts under light and drops when light is turned off.
Weight is 5 mg. (c) Representative data traces showing tip defection (y-axis displacement)
and temperature as a function of time (5 mg weight, 160 mW/cm? irradiance, halogen lamp).
(d) Averaged peak deflection (with 5 mg weight), and averaged peak temperature are plotted
as a function of irradiances; both values increase linearly with irradiance. (e) The
photothermally-driven mechanical work calculated by mogAh, where mo is mass of the added
weight at the tip, g is the acceleration due to gravity, and Ah is the maximal change in tip

position before and after illumination plotted as a function of added weight (red arrow in
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panel b). Reprinted with permission from ACS Appl. Mater. Interfaces 2020, 12, 54075—

54082. Copyright 2020 American Chemical Society.

The beam dynamics appear to closely track the temperature change as measured using
an IR camera (FLIR® E60), as expected for the photo-driven asymmetric thermal expansion
of the bilayer. This was further confirmed through thermal mechanical analysis. The linear
coefficient of thermal expansion (CTE) for DASA-PHMA was measured to be 9 times higher
than that of Pl (Figure 3.5) for temperatures ranging from 0 to 35 °C. As irradiance was
increased, the average peak deflection and temperature increased proportionally (Figure 3.4d).
As a further confirmation that the dominant mechanism of actuation is photothermal, we
subjected a cantilever to a temperature ramp at a rate of 3 °C/min using a temperature-
controlled chamber and observed similar bending profiles as compared to those obtained via

illumination at room temperature (Figure 3.6).
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Figure 3.5 Displacements of DASA—PHMA and PI films at various temperatures. The

temperature ranges from 0 to 35 °C was used to calculate the CTEs.
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Figure 3.6 Deflections of DASA-PHMA/PI at different temperatures.

To evaluate the mechanical actuation performance of the cantilever, the mechanical
work generated under illumination was measured by calculating potential energy difference
between the initial position and final position under peak deflection as a function of added
weight (Figure 3.4e). We found that the work increased linearly with increasing weight and
that the simple actuator could lift against gravity a weight up to 13 times that of the DASA-
PHMA/PI cantilever alone. Finally, the light-driven bending action is robust and repeatable,
as evident through a series of 30 illumination-dark cycles using a 5 mg weight at the
cantilever tip (Figure 3.7), although a slight decrease of peak deflection after several
illumination-dark cycles was observed. We speculate that slow switching from the open,
highly absorbing form to the closed, transparent, and less absorbing form of DASA results
in the gradual performance decline. The full conversion time of the 10-um thick DASA-
PHMA specimen under 160 mW/cm? light illumination is ~400 s, which is significantly

longer than the photothermal actuation time scale of ~ 1.5 s (Figure 3.8). As such, repeated
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illuminations could decrease the absorbance, which leads to the reduction of deflection after

multiple cycles. When light irradiation is ceased, the DASA-polymer conjugate undergoes

slight thermal reversion extremely slowly under ambient conditions (Figure 3.8).
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Figure 3.7 Repeatability of the actuation. (a) Maximum actuation displacements of DASA—

PHMA/PI cantilever as a function of cycle number. (b) End tip position (z-axis) of the

cantilever over time. 3 seconds illumination and 7 seconds no-illumination were cycled.
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(b) Irradiance spectra of 617 nm LED and visible light (black curves, left axis) compared to

the DASA—PHMA absorbance spectrum (blue curve, right axis).

3.5. Remote-controlled crawler

To further demonstrate the actuation capabilities of our material, a photothermally-
powered crawler was designed to exploit the bending motions of the DASA-PHMA/PI
bilayer film under illumination to enable locomotion. The crawler consisted of a thin bilayer
cantilever (20 mm x 1.5 mm x 35 um, where the bilayer film consists of a 25 um PI layer,
and 10 um DASA-PHMA layer, identical to that described above) attached to a pair of
asymmetric legs made of a polystyrene film (5 mm x 1 mm x 200 um). The crawler is
cyclically illuminated by 160 mW/cm? light intensity using the halogen lamp, and its motion
is recorded as a function of time. When the bilayer is oriented with the DASA-PHMA layer
on the top, crawling motions with convex bending were observed (Figure 3.9a). During each
cycle of illumination, the cantilever bends, causing the rear legs to retract. When the light is
turned off, the cantilever returns to its original shape, but the rear legs have anchored at their
new position, causing the forelegs to extend, and shifting the crawler center of mass to the
left. If we construct a robot using an inverted specimen structure with the DASA-PHMA
layer on the top, we observe an inversion in the bending curvature but similar crawling
performance (Figure 3.9). In this case, the forelegs stretch first and anchor, and the rear legs
follow once the light has ceased. Moreover, the cyclic directional motion of the crawler
under periodic illumination is robust regardless of illumination spot position due to the
photothermal nature of the actuation. Thus, the negatively photochromic DASA is an

effective photoresponsive agent capable of generating robust photothermally-driven
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mechanical output using low intensity visible light, which can drive a locomotive crawling

motion.
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Figure 3.9 Demonstration of the application of a DASA-PHMA/PI bilayer film to form a

remote-powered and controlled crawler. (a) A light-triggered convex bending motion is
observed when DASA-PHMA and PI1 form the top and bottom layers, respectively. This
leads to a robust, directional crawling motion, which can be described in three stages, 1)
initial rest state before illumination, 2) backbone bending and rear foot dragging when the
light is turned on, and 3) backbone relaxation, rear foot anchoring and stretching when the
light is turned off. (b) The inverted geometry, where the P1 film forms the top layer, also
endows locomotion capability, following same 3 motion stages but with concave bending
and forefoot anchoring in each cycle. Reprinted with permission from ACS Appl. Mater.

Interfaces 2020, 12, 54075-54082. Copyright 2020 American Chemical Society.

3.6. Tunable photothermal actuator using negative photochromism

Finally, we sought to leverage DASA’s negatively photochromic properties that shift
the colored reactant to a colorless product to tune the magnitude of actuation. In contrast to

tunable actuation using physical (i.e., structural patterning) or chemical (i.e., dynamic
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networks and acid patterning) triggers, the use of photochromic molecules that shift the
absorption of the chromophore to a range outside of the excitation light source provides a
novel non-invasive photochemical control mechanism. In the case of DASAS, by simply
modulating irradiation time, the extent of bleaching can be controlled, and thus the total
amount of irradiant energy that can be converted to heat can be tuned. Because Figure 3.10a
shows the corresponding color changes at different light exposure times from dark green
(unswitched/open, 0 min) to yellow (fully switched/closed, 8 min), where the yellow color
arises from intrinsic color of the PI film, as the closed DASA is transparent/colorless. A
pristine dark green cantilever comprising of open DASA-PHMA records ~ 27.0 £ 0.2 mm
peak deflection at 160 mW/cm2 irradiance with 5 mg added weight. The peak deflection
decreases as the cantilever decolorizes, and an identical transparent cantilever comprising
closed DASA-PHMA records only ~ 12.1 £ 0.2 mm peak deflection (Figure 3.10b). The
enhanced actuation performance of the open-form DASA is expected, since the colored
(open) DASA absorbs much more light energy, which is in turn dissipated as heat to the
cantilever. Somewhat surprisingly, however, DASA-PHMA/PI bilayer still actuates,
achieving 46% of the peak deflection value recorded for the open-form DASA-PHMA/PI
bilayer. Thermal imaging of the closed-form transparent bilayer under 160 mwW/cm?
illumination reveals a temperature increase of ~ 16.4 °C which thus results in photothermal
actuation (Figure 3.11). The ratio of temperature increases, 0.42, between the open-form (~
39.2 °C) and closed-form DASA-based cantilevers approximates the ratio of end tip
deflections, 0.45, for the same conditions, suggesting a direct correspondence between

temperature difference and actuation performance. A control study of a single layer PI film
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also showed a temperature increase, of ~ 13.5 °C, under illumination, which indicates that

the absorbance of Pl is one of the heat generation sources (Figure 3.11).
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Figure 3.10 Photochemically-tunable photothermal actuation of a DASA-PHMA/PI bilayer
cantilever. (a) A DASA-PHMA/PI cantilever changes color over light exposure time from
dark green (open, top) to yellow (closed, bottom). In the closed form, the DASA-PHMA is
clear and the yellow color is due to the PI film. (b) End tip deflection of DASA-PHMA/PI
corresponding to the illumination time. Righthand axis gives relative deflection, as
compared to the initial state (0 min). Reprinted with permission from ACS Appl. Mater.

Interfaces 2020, 12, 54075-54082. Copyright 2020 American Chemical Society.
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Figure 3.11 Temperatures of PI (self-standing), PI/open, and PI/closed DASA-PHMA under

160 mW/cm2 illumination.

3.7. Thermal recovery

It is possible to restore the bleached sample to its original state by exposure of the
closed-form (transparent) film to 75 °C for 1 min, which returns the sample to its open-form
(colored) state. This reset sample can then be actuated again (Figure 3.12), however, the
observed peak deflection amplitude is < 80% of the original deflection of the pristine
sample, which we attribute to photodecomposition.®®3” Ongoing work aims to improve the
reconfigurability by modifying the photoswitching properties in order to improve thermal
reversion for multiple cycles, as well as minimize the photothermal response of the bilayer

system when DASA is in its closed transparent form. However, this proof-of-principle study

demonstrates that the negatively photochromic properties of DASA can be used to program

89



the photothermal actuation in amorphous bilayer actuators. We speculate that stiffening of
the polymer upon thermal recovery to the open form resulting in a new equilibrium and
photodegradation might be leading to poor recover. We also cannot rule out that operating at
temperatures higher than 10 °C above the Tg, is required to induce a sufficiently
rubbery/viscous state for full recovery. As shown in Figure 3.13, 4 mol % DASA-PHMA
(Tg =23 °) has >90% recovery at 55 °C, compared to only ~70% at 35 °C. While this looks
very promising, we have also observed that long irradiation times lead to decreased overall
recovery which we believe is the result of decomposition. In addition, we observed after
prolonged irradiation of 10 mol % DASA-PHMA at room temperature (>45 min) the sample

is no longer completely soluble in chloroform.
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Figure 3.12 Actuation recovery of DASA—PHMA/PI bilayer cantilever. (a) End tip
deflection for the cantilever as a function of light exposure time and a thermally recovered
cantilever. (b) Optical images that show color change of the cantilever at each light exposure
time. (c) Normalized absorbance change at Amax for DASA-—PHMA thin film before, during
and after illumination light; here sample was maintained at 75 °C throughout the

measurement.
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Figure 3.13 4 mol % DASA-PHMA (Tg = 23 °) has >90% recovery at 55 °C, compared to

only ~70% at 35 °C.

3.8. Conclusion

A modular synthetic strategy using Diels—Alder click chemistry was exploited to
enable chemical incorporation of DASA into a load-bearing PHMA matrix. Cantilevers
generated from this material demonstrate photochemically-encoded tunable actuation as a
result of the heat generated through their molecular absorbance. The photothermal actuation
capabilities of DASA-PHMA were demonstrated by a cantilever lifting up to 13 times its
weight under illumination, as well as a centimeter-scale remote-controlled crawler powered
by robust light-activated bending. The negatively photochromic nature of DASA opens new
possibilities for developing programmed actuators, “inching” the field toward smart soft

robotics systems using broadband visible light.
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3.10. Experimental section

0 HO
o o HO Acetic acid
oA, Jb " Reflux, sht
N—N
N, Ho/McFa
12 13 3

Scheme 3.2 4-(5-o0xo0-3-(trifluoromethyl)-4,5-dihydro-1H-pyrazol-1-yl)benzoic acid (3):

4-hydrazineylbenzoic acid 13 (15.20 g, 100.00 mmol, 1 equiv), acetic acid (100 mL), and
ethyl 4,4,4-trifluoro-3-oxobutanoate 12 (18.40 g, 100.00 mmol, 1 equiv) were refluxed at
125 °C for 8 hrs. A crystalline material precipitated out and the reaction was cooled to room
temperature, filtered, and washed with Et20 to 3 (17.92 g, 65.84 mmol, 66%) as an off-white
crystalline solid. *H NMR indicated that the product favors the enol isomer. Spectral data
matched that of reported literature.

3: IH NMR (500 MHz, DMSO-ds) & 12.93 (s, 2H), 8.12 — 8.03 (d, 1H), 7.91 (d, 2H), 5.97 (s,
1H). 13C NMR (125 MHz, DMSO-de) 5 166.7, 154.5, 141.3, 130.5, 129.0, 121.3, 86.1.

HRMS (ESI), calculated for C11HsF3sN203™ (M-H)™: 271.0336, observed 271.0331.

0 (o)
HO
®  Proline MO
+ (o} —_—
N—N \ I
\
04\)\053
3 14 4

Scheme 3.3 (E)-4-(4-(furan-2-ylmethylene)-5-o0xo-3-(trifluoromethyl)-4,5-dihydro-1H-

pyrazol-1-yl)benzoic acid (4):
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3 (6.00 g, 22.04 mmol, 1 equiv), distilled furfural 14 (12 mL, 10.34 g, 107.66 mmol, 4.88
equiv) and proline (600 mg, 5.21 mmol, 0.24 equiv) were combined in 12 mL of DCM. This
was then left to stir 2-3 days and monitored by TLC (100% ethyl acetate) and checked by H*
NMR for consumption of 3. Once the starting material was consumed, the reaction was
filtered via vacuum filtration. The crude product was washed with DCM to afford 4 (5.65 g,

16.13 mmol, 73%) as a dark orange powder. This was used without further purification.

4: 'H NMR (600 MHz, DMSO-ds) & 12.96 (s, 1H), 8.77 (d, J = 3.8 Hz, 1H), 8.45 (d, J = 1.6
Hz, 1H), 8.07 — 8.04 (m, 2H), 8.01 (dt, J = 6.6, 2.1 Hz, 2H), 7.76 (s, 1H), 7.06 (dd, J = 4.1,
1.6 Hz, 1H). IR (thin film) 3138, 2960, 2815, 2661, 2542, 1804, 1706, 1678, 1601, 1281,

1109, 975, 770 cmt. HRMS (ESI), calculated for C16HsF3N204 (M-H): 349.0442, observed

349.0436.
H O EDC HCI (1.5eq), .
. HO)K@ 0 DMAP (0.1 eq) H N\/\O)k©\ 0
N + —_—
N\ NTN DCM, rt, 16 hr. ° N
H OH N= o} | =
0 -
J N 0
CF; \ oF //
3
15 4 5

Scheme 3.4 2-((3aR,4S,7R,7aS)-1,3-dioxo-1,3,3a,4,7, 7a-hexahydro-2H-4,7-epoxyisoindol-
2-yl)ethyl 4-((E)-4-(furan-2-ylmethylene)-5-oxo-3-(trifluoromethyl)-4,5-dihydro-1H-

pyrazol-1-yl)benzoate (5):

4 (1.28 g, 3.65 mmol, 1 equiv), 15 (1.85 g, 8.84 mmol, 2.42 equiv), EDC-HCI (859 mg, 4.48
mmol, 1.23 equiv), and dimethylaminopyridine (DMAP, 25 mg, 0.20 mmol, 0.05 equiv) were
suspended in DCM (25 mL). The reaction was capped under an atmosphere of air and stirred
at room temperature for 16 hrs or until 4 was consumed by TLC. The reaction was poured into

an aqueous solution of HCI (1 M, 20 mL x3). This organic solution was then washed with
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brine once. Organic layer was then dried over magnesium sulfate and solvent was removed
under reduced pressure to obtain an orange solid. The product was further purified by column
chromatography utilizing a mobile phase of Ethyl acetate: Hexanes (3:1) to yield a solid

orange product 5 (1.04 g, 1.92 mmol, 53% yield).

5: 'H NMR (500 MHz, Chloroform-d) & 8.90 (d, J = 3.8 Hz, 1H), 8.16 — 7.98 (m, 4H), 7.89
(d, J = 1.2 Hz, 1H), 7.69 (s, 1H), 6.81 (d, J = 3.8 Hz, 1H), 6.49 (s, 2H), 5.24 (s, 2H), 4.45 (t,
J=5.3Hz, 2H), 3.91 (t, J = 5.3 Hz, 2H), 2.87 (s, 2H). 3C NMR (125 MHz, Chloroform-d) &
176.1, 165.7, 161.6, 151.2, 150.8, 141.7, 136.7, 132.1, 130.9, 128.6, 126.8, 118.5, 115.9,
115.4, 81.1, 64.6, 61.4, 47.6, 37.9. IR (thin film) 3140, 3114, 2327, 2050, 1807, 1772, 1698,

1601, 1447, 1271, 1123, 1095, 976, 765.

Scheme 3.5 2-((3aR,4S,7R,7aS)-1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-epoxyisoindol-
2-yl)ethyl 4-((E)-4-(furan-2-ylmethylene)-5-oxo-3-(trifluoromethyl)-4,5-dihydro-1H-

pyrazol-1-yl)benzoate (6):

The furan adduct 5 (1.00 g, 1.85 mmol, 1 equiv) was stirred in minimal methanol
(approximately 10mL) then 2-methylindoline 16 (492 mg, 3.69 mmol, 2 equiv) was added.

The reaction was stirred for 4 h and monitored by TLC for consumption of 5. The reaction

97



mixture was then filtered to yield the product as green crystals and washed with ether to afford
the product 6 (655 mg, 0.97 mmol, 52%).

6: 1H NMR (500 MHz, Chloroform-d) § 12.92 (s, 1H), 8.25 — 7.89 (m, 4H), 7.69 (d, J = 12.6
Hz, 1H), 7.31 (d, J = 7.4 Hz, 2H), 7.18 (t, J = 7.4 Hz, 1H), 7.10 (d, J = 7.8 Hz, 1H), 6.76 (d,
J=12.3 Hz, 1H), 6.57 (s, 1H), 6.50 (s, 2H), 5.25 (s, 2H), 4.81 — 4.64 (m, 1H), 4.45 (t, J = 5.3
Hz, 2H), 3.91 (t, J = 5.3 Hz, 2H), 3.55 (dd, J = 16.1, 8.7 Hz, 1H), 2.87-2.84 (m, 3H), 1.47 (d,
J = 6.5 Hz, 3H). °C NMR (125 MHz, Chloroform-d) & 176.0, 165.9, 164.8, 150.7, 147.2,
143.6, 142.5, 140.7, 136.5, 133.1, 131.9, 130.6, 128.6, 126.6, 126.5, 126.2, 119.1, 106.9,
106.1, 80.9, 61.2, 57.8, 47.5, 37.8, 36.3, 19.8. IR (thin film) 2947, 1705, 1603, 1559, 1460,
1442, 1357, 1270, 1208, 1153, 1108, 986, 948, 717. HRMS (ESI), calculated for

CssH29FsN4NaO7*: (M+Na*) 697.1881, observed 697.1886.

o 110°C

Vacuum

Scheme 3.6 2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl 4-((Z)-4-((2Z,4E)-2-hydroxy-5-
(2-methylindolin-1-yl)penta-2,4-dien-1-ylidene)-5-oxo-3-(trifluoromethyl)-4,5-dihydro-1H-

pyrazol-1-yl)benzoate (7):

6 (655 mg, 0.97 mmol) was collected in a vial and put under vacuum and heated to 110 °C for
36 hrs. The reaction was monitored by *H NMR for full deprotection of the maleimide 7 (582

mg, 0.96 mmol, 99%).
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7:'H NMR (500 MHz, Chloroform-d) & 12.88 (s, 1H), 8.02 (dd, J = 48.3, 8.8 Hz, 4H), 7.67
(d, J = 12.5 Hz, 1H), 7.26 (d, J = 14.5 Hz, 2H), 7.14 (t, J = 7.4 Hz, 1H), 7.04 (d, J = 7.8 Hz,
1H), 6.80 — 6.66 (m, 3H), 6.52 (s, 1H), 6.41 (t, J = 12.4 Hz, 1H), 4.81 — 4.63 (m, 1H), 4.44 (t,
J=5.3Hz, 2H), 3.95 (t, J = 5.3 Hz, 2H), 3.53 (dd, J = 16.1, 8.7 Hz, 1H), 2.82 (d, J = 16.0 Hz,
1H), 1.44 (d, J = 6.5 Hz, 3H). C NMR (125 MHz, Chloroform-d) & 170.4, 165.9, 164.7,
150.5, 147.8, 144.1, 142.6, 140.8, 140.5, 134.3, 132.3, 132.0, 130.6, 128.6, 126.7, 126.6,
125.9,121.9,119.7,119.0, 110.7, 106.4, 81.0, 62.0, 57.9, 47.5, 36.9, 36.2, 29.7, 19.8. IR (thin
film) 3072, 3054, 2928, 1772, 1705, 1601, 1556, 1453, 1355, 1266, 1206, 1091, 984, 947,
824, 690, 562. HRMS (ESI), calculated for CsiH2sF3sN4NaOs+ (M+Na*) 629.1618, observed

629.1624.

[0}
OH Methacryloyl chloride (1.5 eq.)
> (o)
CsHyq Et3;N (2 eq.), DCM, 0°C, 30 min
CSH‘H
8 9

Scheme 3.7 (3-pentylbicyclo[2.2.1]hepta-2,5-dien-2-yl)methyl methacrylate (9):

A solution of 8 (3.94 g, 20.49 mmol, 1 equiv) and EtsN (4.51 g, 40.98 mmol, 2 equiv) in DCM
(100 mL) was cooled to 0 °C. Methacryloyl chloride (3.21 g, 30.74 mmol, 1.5 equiv) was
added dropwise and the solution maintained at O °C until complete consumption of the starting
material (TLC, 30-1 h min). The reaction was quenched with water (0.1 mL) and allowed to
warm to rt. Silica gel (1 g) was added, the solvent removed, and the mixture was subjected to
flash column chromatography (Hexane:EtOAc, 15:1). The fractions containing product were
combined, several drops of an inhibitor solution (MEHQ, 1 mg/mL in DCM) were added, and

the solvent removed to yield racemic 9 (2.77 g, 10.64 mmol, 52%) as a clear and colorless oil.
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9: H NMR (400 MHz, CDCl3) § 6.79 - 6.74 (m, 1H), 6.74 - 6.69 (m, 1H), 6.09 (s, 1 H),
5.55 (d, J = 1.2 Hz, 1H), 4.79 (d, J = 12.1 Hz, 1H), 4.66 (d, J = 12.5 Hz, 1H), 3.48 (br. s.,
1H), 3.38 (br. s., 1H), 2.30 - 2.12 (m, 2H), 2.01 - 1.86 (m, 5H), 1.47 - 1.23 (m, 4 H), 1.23 -
1.12 (m, 2H). 13C NMR (100 MHz, CDCl3) § 167.5, 155.2, 142.9, 141.9, 141.0, 136.5,
125.2, 71.3, 60.9, 53.8, 52.2, 31.3, 28.3, 26.8, 22.5, 18.4, 14.0. IR (thin film) 2961, 2930,
2864, 1716, 1638, 1453, 1293, 1157, 1010, 937, 814. HRMS (ESI), calculated for

Ci17H24NaO2* (M+Na)* 283.1669, observed 283.1671.

X b
. o” "o RAFT o) [o)
—_—
@\) AIBN CsHi
CsHyy

10 9 NBD-PHMA (11)

Scheme 3.8 NBD-PHMA (11)

NBD-PHMA (11): To a round bottom flask equipped with a magnetic stir bar and septum
cap, compound 9 (2.00 g, 7.69 mmol, 35 equiv) and hexyl methacrylate 10 (12.2 g, 71.55
mmol, 270 equiv, HMA, 7) were added and dissolved in THF (14.2 mL). At this time, AIBN
(9 mg, 0.053 mmol, 0.2 equiv) and 2-cyano-2-propyl dodecyl trithiocarbonate (88.32 mg,
0.265 mmol, 1.0 equiv) were added to the reaction vial and the polymerization was degassed
by nitrogen bubbling for 10 minutes. The polymerization was left to react at 60 °C and a crude
'H NMR spectrum was taken in deuterated chloroform to estimate monomer conversion
(70%). The THF was removed under reduced pressure and the crude mixture was redissolved
in a minimal amount of DCM. The mixture was precipitated into cold methanol. The solid
was redissolved in DCM and the precipitation process was repeated a total of 3-4 times. 'H
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NMR analysis indicates approximately 10% of the desired NBD functionality. Conversion

70%, Mn(theoretical) = 38,000 g/mol, Mnnmr) = 28,000 g/mol, Mnsec) = 16,000 g/mol, H = 1.31.
S Sk
Ncmyn \[s( *
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ﬁo
DA Click chemistry
N &N
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PHMA-NBD (11) N W s an
DASA-maleimide (7)

F;C

DASA-PHMA (12)
Scheme 3.9 DASA-PHMA (12)

DASA-PHMA (12): NBD-PHMA (11) (1.0 g, 0.0260 mmol, 1 equiv) and 3,6-di-2-
pyridyl-1,2,4,5-tetrazine (153 mg, 0.649 mmol, 25 equiv, DpTz) were combined in CDCls
(100 mg/mL, 10 mL) under nitrogen atmosphere. The solution was stirred at rt for 5 h and
complete conversion of NBD to cyclopentadiene was monitored by *H NMR. Upon
completion, norbornylene (61 mg, 0.649 mmol, 25 equiv) was added to quench the excess
DpTz. The solution goes from a pink to yellow color upon completion. To this, DASA-
maleimide 7 (267 mg, 0.442 mmol, 17 equiv) was added. The reaction was left to stir for 15
h. The DCM was removed under reduced pressure and the crude mixture was redissolved in
a minimal amount of DCM. The mixture was precipitated into cold methanol. The solid was
redissolved in DCM and the precipitation process was repeated a total of 3-4 times. *H NMR
analysis indicated successful incorporation of 10% of desired DASA functionality. *H NMR
(600 MHz, CDCl3) o/ppm: 8.26-7.87 (4H, phenyl peaks), 4.05-3.85 (2H, polymer

backbone). Mn(theoreticaly = 33,000 g/mol, Manmr) = 38,000 g/mol. T¢(DSC) = 45.3 °C.
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Scheme 3.16 *H NMR (top) and 3C NMR (bottom) of 9 in Chloroform-d.
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Chapter 4. The Role of Polymer Matrix and Photochrome Incorporation

on the Photothermal Actuation of DASA-based Polymers

4.1. Abstract

We investigate the influence of the host matrix on the photothermally-driven
actuation performance of negatively photochromic, donor—acceptor Stenhouse adduct
(DASA)-based polymers. Using a modular Diels—Alder “click” platform, we designed
polymeric materials with varying DASA incorporation and investigated the relationships
between material composition and the resulting physical, mechanical, and photoswitching
properties. We demonstrate that increasing the DASA concentration in polymer conjugates
has a dramatic effect on the material’s physical and mechanical properties, such as the glass
transition temperature (Tg) and elastic modulus, as well as the photoswitching properties,
which are found to be highly dependent on Tq. We establish using a simple photoresponsive
bilayer that actuation performance is controlled by the bilayer stiffness rather than the
photochrome incorporation of DASA. Finally, we report and compare the light-induced
property changes in Tg and elastic modulus between the materials comprising the open or
closed forms of DASAs. Our results demonstrate the importance of designing a material that
is stiff enough to provide the mechanical strength required for actuation under load, but soft
enough to reversibly switch at the operational temperature and provide key considerations
for the development of application-geared photoswitchable materials. This Chapter was
adapted with permission from ACS Appl. Polym. Mater. 2022, accepted.* Copyright 2022

American Chemical Society. https://doi.org/10.1021/acsapm.1c01108
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4.2. Introduction

Light-responsive materials have garnered significant attention for their abilities to
form soft actuators, for example as locomotive robots,? artificial muscles,’”® grippers,’!°
and oscillators.'!"1> Light offers numerous advantages: it is readily available by solar or
artificial sources, does not require physical contact for delivery of power or signal, and has
non-interacting internal degrees of freedom (wavelength, mode, polarization). In one
straight-forward realization, light responsive bilayer actuators exploit the differential
volumetric expansion between two material layers to generate motion and mechanical work
under light stimulus via combined photothermal and photomechanical mechanisms. %1214
Light-responsive bilayers are advantageous due to their fast response, high efficiency, and
simple design. In a typical cantilevered configuration, a passive substrate, such as polyimide
(PI), polyethylene terephthalate (PET), polyethylene (PE), polypropylene (PP), provides a
low coefficient of thermal expansion (CTE) and physical support to the bilayer.'* This
passive layer is securely bonded to a photoactive layer and the bilayer is constrained at one
end. Under illumination, the photoactive layer is rapidly heated and the material property
mismatch between the two layers causes the development of mechanical stress at the
interface, which leads to rapid and easily observed bending of the cantilever, with an

amplitude that is highly sensitive to the bilayer stiffness. The stiffness in turn depends on

the glass transition temperature 7g and elastic modulus. '

To boost the actuation potential of the active layer, additives including carbon-based
materials,'®!” gold nanoparticles,'®!® and organic dyes?® are often added to enhance the
conversion of light energy into heat. Among additives, photoswitches offer particular

benefits in energy conversion, tunability and high compatibility in soft materials.?!?> A
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visible-light-responsive bilayer actuator system driven by the photothermal properties of a
unique molecular photoswitch: donor—acceptor Stenhouse adduct (DASA; Figure 4.1a) was
recently developed by our group in collaboration with Valentine group (described in Chapter
3). This system demonstrates rapid and repeatable actuation capabilities, and the ability of
the cantilever to lift more than ten times its own weight.>*> Moreover, by leveraging the
negative photochromism of DASAs, in which the photoproduct absorption shifts to a shorter
wavelength with respect to the reactant absorption (blue shift) and thus does not absorb the
exciting light, we demonstrated tunable actuation performance of DASA—PHMA under

constant light intensity.

Further use of DASA photoswitches in soft materials applications requires a deeper
understanding of the effects of DASAs on the physical and mechanical properties of
materials so that the material composition can be optimally designed. DASAs are known to
be highly sensitive to their local environment,’*?* and while the complicated and
concentration dependent mechanisms of DASA switching in solution have gained
considerable attention,?%%° the effects of DASA incorporation on polymeric material
properties including the glass transition temperature (7%), coefficient of thermal expansion
(CTE), and elastic modulus have not been thoroughly explored. Prior studies have shown
that photoswitching of DASAs®® and other photochromes?!—3# are highly influenced by the
glass transition temperature as thermal reversion is inhibited in a glassy matrix that
possesses high modulus. We anticipate that there will be an inherent trade-off between
having a system that is stiff enough to actuate and perform work, but soft enough to enable

photoswitching at the operational temperature.
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In order to establish the relationships between material composition and actuation
performance, we developed robust and scalable synthetic methods to access a range of
DASA-based materials. Specifically, using a modular Diels—Alder “click” approach,?*3>
shown in Figure 4.1b, we elucidate the role of 7 and elastic modulus on photothermal
actuation by tuning the polymer host matrix and DASA incorporation. By synthesizing
materials with increasing DASA content and constant 7, we can decouple the effects of
DASA incorporation and 7g on material performance metrics. We show the effect of the
performance of actuation is directly related to the material stiffness, which depends on the
polymer host matrix, rather than photochrome incorporation of DASA alone. However, in a
given polymer host matrix, increasing DASA incorporation increases the elasticity modulus
and T of polymer conjugates, leading to improved actuation performance. The increase in
glass transition temperature with increasing DASA incorporation also affects the forward
and backward switching kinetics. The forward kinetics slow with increasing 7, while
thermal reversion is essentially shut down at temperatures below 7g. When materials are
held at a temperature above Tg, regardless of incorporation or comonomer, there is increased

recovery.

The molecular origins of these effects likely arise from changes in molecular
volume, polarity, and molecular interactions between isomers and polymer chains as the
photoswitches reversibly switch between two different isomers. Understanding how these
molecular-level changes allow for photo-induced mechanical property changes between the
photoreactant and photoproduct would provide an additional handle for actuator design.3¢
Unlike P-type photoswitches, which use two different wavelengths of light to drive the

reversible photochromic reaction, DASA is a T-type photoswitch with a switched state that
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is colorless and non-absorbing, as shown in Figure 4.1a. To better understand the light-
induced property changes in Tz and modulus we compare the properties of materials formed
from open and closed forms of DASA. We observed a decrease in modulus and 7 upon
photoswitching from the highly colored, extended, open form to the colorless, compact
closed form, which can be further leveraged in photothermal actuator design.

a) Negatively photochromic donor-acceptor Stenhouse adducts (DASAs) photoswitching

e Open ~ Closed
Q Highly absorbing Non-asborbing

0 . . N0
N OH Visible light N N
AP NP NN, | >~ 3
FaC kaT FyC
1 o 2

b) Schematic and chemical structure of modular approach to a range of DASA-based materials

' — —
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Control of Tgby Contre
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Figure 4.1 a) Upon irradiation with visible light, Donor-acceptor Stenhouse adducts
(DASAS) undergo a conformational change from a highly colored, open-form to a colorless,
closed-form. b) Schematic and chemical structure of modular cascading Diels—Alder “click”
approach used to synthesize a range of DASA-based materials that vary in incorporation of

the photoresponsive unit and glass transition temperature. Reprinted with permission from
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ACS Appl. Polym. Mater. 2022, accepted.* Copyright 2022 American Chemical Society.

https://doi.org/10.1021/acsapm.1c01108

4.3. Synthesis of DASA-Based Materials

To understand how material composition, including host matrix properties and
photochrome incorporation, influence the photoswitching, mechanics, and actuation
performance, we need robust, modular, scalable methods that enable access to a range of
DASA-based materials. Using a modular cascading Diels—Alder click approach, we can
easily tune the polymer host matrix and incorporation of photoresponsive unit as shown in
Figure 4.1b. We hypothesized that increasing the concentration of DASA, which acts as a
photothermal agent, would increase the actuation performance due to higher heat generation.
To test this experimentally, we synthesized copolymers containing poly (hexyl methacrylate)
(PHMA) and the functional monomer norbornadiene methacrylate (NBD—MA) using
reversible addition fragmentation chain-transfer (RAFT) polymerization. The incorporation
of DASA was tuned by varying the equivalence of NBD-MA. Deprotection of the NBD
group with tetrazine revealed the cyclopentadiene functional group that spontaneously reacts
in situ with the maleimide functionalized DASA photoswitch. The mild and efficient nature
of the cascading Diels—Alder chemistry enables facile incorporation of 1 mol %, 4 mol %
and 9 mol % DASA (See Table 4.1 for incorporation of NDB and DASA based on *H NMR
spectroscopy). To control the glass transition temperature, the host matrix was tuned by

incorporating methacrylates with different alkyl chain length, such as hexyl, butyl, or propyl.

The incorporation of NBD after RAFT was confirmed using *H Nuclear Magnetic

Resonance (NMR) spectroscopy included in Experimental section of this Chapter. NBD
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incorporation is based on comparing the integration of distinct NBD peaks (~6.5-7.0 ppm, 2

H) compared to the alpha ester peaks on the polymer backbone (~3.75-4.2, 2 H).

NBD integration -

Mol % NBD is calculated based on =

NBD intergation+ Backbone integration

After the DA click reaction, DASA incorporation is confirmed by *H NMR as well. DASA
incorporation is based on comparing the integration of distinct DASA peaks (~7.8-8.25 ppm,

4 H) compared to the alpha ester peaks on the polymer backbone (3.75-4.2, 2 H).

DASA integration
Mol % DASA is calculated based on = DASA integration | gackbone integration* 100

+

4 2

Azobenzene incorporation is based on comparing the integration of distinct Azo peaks
(~7.85-7.95 ppm, 2 H) compared to the alpha ester peaks on the polymer backbone (3.75-

4.2,2 H).

Azo integration * 0

Mol % Azo is calculated based on = — . . .
Azo integration+ Backbone integration

Table 4.1 Summary of NBD and DASA incorporation by 'H NMR

Material* Target | Observed Observed
(NBD) (NBD) (Photochrome)
1 mol % NBD/DASA-PHMA 1.1 1.0 0.9
4 mol % NBD/DASA-PHMA 5.2 4.9 3.9
9 mol % NBD/DASA-PHMA 10.4 9.3 9.2
1 mol % NBD/DASA-PPMA 1.3 1.2 1.0
4 mol % NBD/DASA-PBMA 5.2 5.1 3.8
9 mol % NBD/Azo-PHMA 10.4 9.3 9.0

*Values reported in the manuscript and material name are based on observed photochrome incorporation
rounded to the nearest whole number.

The molecular weight and polydispersity were characterized by advanced polymer
chromatography (APC). Molecular weights of norbornadiene co-polymers above 33K were
targeted to be above the molecular weight of entanglement of poly (hexyl methacrylate) (M.
= 33K).3” The number average molecular weight determined by APC ranged from M, = 40-
70K, with dispersity of 1.3-1.7. Using materials designed with varying DASA incorporation
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and matrix composition, we next investigated the role of the glass transition on photothermal
actuation enabled by DASAs. Detailed synthetic procedures and characterization results are

shown in Experimental Section of this Chapter.

4.4. Physical and Mechanical properties of DASA-based materials

For each material composition, Differential Scanning Calorimetry (DSC) and
Dynamic Mechanical Analysis (DMA) experiments were performed to determine the glass
transition temperature. Based on the DSC analysis, 1 mol %, 4 mol %, and 9 mol % DASA—
PHMA conjugates indicated an increase in the 7 with increasing DASA content, to 2 °C, 23
°C, and 62 °C respectively, as shown in Figure 4.2 and summarized in Figure 4.6a, as
compared to the T of the PHMA homopolymer, which is —6 °C. To compare the effect of
DASA incorporation to that of a well-studied photoswitch, we also synthesized and
characterized an azobenzene (Azo)-conjugated polymer, 9 mol % Azo-PHMA. The Azo-
based material indicated 7z = 5 °C, only 11 °C above that of the PHMA homopolymer, in
contrast to the equivalent DASA-based material which indicated 7y = 62 °C, an
approximately 6-fold larger change (Figure 4.3). This result highlights the large effect
DASA incorporation has on material properties. Presumably, the bulky conjugated groups on

DASA increase the Ty of the polymer due to restricted segmental dynamics.3®3
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Figure 4.2 Differential scanning calorimetry (DSC) measurements of PHMA and 1, 4 and 9
mol % DASA-PHMA materials. The glass transition temperature increases from -6 °C to 2
°C, 23 °C, 62 °C, respectively, with increasing DASA incorporation. A black dot indicates

the Tg of each material.
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Figure 4.3 Differential scanning calorimetry (DSC) measurements of PHMA and 9 mol %
Azo-PHMA. The glass transition temperature increases from -6 °C to 5 °C after 9 mol %

Azo incorporation. A black dot indicates the Ty of each material.
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With a better understanding of the effect of increasing DASA incorporation on 7g,
we next selected specific co-monomers to produce materials with differing DASA content
but similar 7 and compared their performance. This allowed us to decouple the effects of
DASA incorporation and 7¢ on material properties. Materials with a 7 of approximately 60
°C were targeted, to facilitate comparisons with the PHMA -based material with the highest
incorporation of DASA, 9 mol % DASA-PHMA. To achieve a 1 mol % DASA-based
material with target T of ~ 60 °C, we selected copolymers containing propyl methacrylate,
for which the homopolymer 7z = 57 °C (Figure 4.4). The resulting 1 mol % DASA-PPMA
material has a Ty of 67 °C. To achieve a 4 mol % DASA-based material, butyl methacrylate
was chosen, for which the homopolymer 7z = 32 °C (Figure 4.5). The resulting 4 mol %
DASA-PBMA material has a T of 59 °C. While there is slight variation from the target
value among the different compositions, the 7, values of all materials were within a narrow
range from 59 °C — 67 °C, enabling quantitative comparisons of materials with an increasing

incorporation of DASA and similar 7§, as shown in Figure 4.6b.
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Figure 4.4 Differential scanning calorimetry (DSC) measurements of PPMA and 1 mol %
DASA-PPMA. The glass transition temperature increases from 57 °C to 67 °C after 1 mol

% DASA incorporation. A black dot indicates the Ty of each material.
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Figure 4.5 Differential scanning calorimetry (DSC) measurements of PBMA and 4 mol %
DASA-PBMA. The glass transition temperature increases from 32 °C to 59 °C after 4 mol

% DASA incorporation. A black dot indicates the Ty of each material.
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With these materials in hand, we determined the mechanical properties of the various
material compositions using DMA. Elastic moduli of DASA-PHMA exhibited an increase at
all temperatures as shown in Figure 4.6¢c. The modulus in the glassy state increased with
increasing DASA content. Each DASA-PHMA showed a decrease in modulus over its Tg
and a modulus plateau was not observed due to the relatively low M,. We found significantly
different elastic moduli at 20 °C for DASA-PHMASs, where 1, 4, and 9 mol % DASA-
PHMA showed 0.003 GPa, 0.495 GPa, and 1.608 GPa, respectively. When the materials
with increasing incorporation of DASA and similar 7y were compared, we found them to
have nearly identical moduli, as shown in Figure 4.6d, at 20 °C with an average value of
1.609 + 0.004 GPa, as measured by 1 Hz oscillation in the small strain regime. We next
measured the linear coefficient of thermal expansion (CTE) using DMA. We found that
DASA-based materials in a glassy state (— 50 °C + Tg to — 10 + 7 have similar CTE values
(130-160 x 10 /°C) regardless of DASA incorporation and matrix. These values are only

based on the glassy region due to the significant creep behavior observed over 7.
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Figure 4.6 a) Differential scanning calorimetry (DSC) of DASA-PHMA materials shows
that Tq increases with increasing DASA incorporation. At 9 mol% incorporation of
photoswitch, there is a significantly larger increase in Tq after functionalization with DASA
(blue) compared to azobenzene (Azo). b) Tq of increasing DASA incorporation with
different methacrylate comonomers (blue, upper x-axis) and corresponding methacrylate
homopolymers with no DASA to show the increase in Tq due to DASA incorporation
(black). ¢) Dynamic mechanical analysis (DMA) shows an increase in the elastic modulus of
DASA-PHMA with increasing DASA incorporation. d) By using different methacrylate
comonomers, it is possible to obtain materials with varying DASA incorporation and similar

modulus, with vertical lines indicating the similar Ty values of each material. Reprinted with
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permission from ACS Appl. Polym. Mater. 2022, accepted.! Copyright 2022 American
Chemical Society. https://doi.org/10.1021/acsapm.1c01108

Taken together, our results demonstrate that increasing DASA incorporation has a
significant effect on the 7 and modulus, but not the CTE, and that for a given matrix
composition, adding DASA increases the material’s stiffness. These structure-property
relationships can have a profound effect on the ability of the material to bear loads. Through
the use of strategic design, we were able to access DASA-materials with a range of
mechanical properties. We expect these properties will be reflected in photoswitching and

photoactuation performance as well.

4.5. Photoswitching properties of DASA-based materials

DASAs offer the unique advantage of negative photochromism, switching from a
highly colored, absorbing open-form, to a colorless, non-absorbing closed-form upon
irradiation with visible light (Figure 4.1a). Negative photochromism permits deep
penetration of the incident light, allowing photoconversion of the entire sample, and also
allows for tunable actuation based on absorbance where the highly absorbing, open form has
increased photothermally-driven actuation, compared to the non-absorbing closed form.?34?
To investigate the photoswitching kinetics of DASA-based polymer materials, and to
establish the influence of the DASA content and material 7, we used time-dependent pump-
probe UV/Vis spectroscopy. The wavelength of maximum absorbance in all DASA materials
was centered at ~ 648 nm as shown in Figure 4.7 and was used to monitor the rates of the
forward photoswitching and the thermal back reaction. Using a two state model we can

quantify the forward reaction rate under light (ktight) and effective quantum yield (@efr)

during the transition from the open to closed form.?* In order to quantify the recovery rate
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constants kv (s™'), we utilized a first order exponential recovery model (kv,exp, s1),>* and a

1) 4142

dynamic equilibrium model (kb,dyn, S
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Figure 4.7 Absorption spectra of DASA-polymer thin films (left axis) compared to the
irradiance of visible light (black curve, right axis). The absorption spectra of DASA-
polymer thin films show broadening with increasing DASA incorporation and/or Ty;

broadening was not observed in solution.
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Scheme 4.1 Overall reaction and calculated rate equations.

To determine rate constants (Scheme 4.1) and quantum yields for the DASA-polymer
conjugates several assumptions had to be made. The extinction coefficient of the DASA
molecules in the polymers was assumed to be 100,000 M* cm™ due to measurements in
solutions reporting similar values.%#3 Furthermore, due to high thermodynamic equilibrium
in solution (>95 % open form in chloroform and toluene)*® it was assumed that prior to
irradiation all DASA molecules resided in the open form.

For recovery rate calculations,?**? data was obtained using time-dependent UV-Vis
spectroscopy by recording the change in absorbance versus time after irradiation was stopped.
This data was then fitted with two different functions representing two kinetic models. The
first model is a dynamic equilibrium model that assumes first order rates of opening and
closing, presuming two populations in equilibrium. Any change in absorbance is attributed to
be DASA molecules adopting a new equilibrium between the open and closed forms due to
the presence of the polymeric environment. This model implies that no molecules are lost to
photodegradation and with this model, we obtain both a forward rate constant describing the
rate of closing in the dark, ks dark, dyn, and a back rate constant describing the rate of opening in
the dark, koayn Where the subscript dyn indicates the dynamic equilibrium model.*?
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The model used was of the form:42

d[Open]

7r = kedarkayn [Open]; + kp,gyn([Open]o — [Open];)

For recovery:

kf dark dyn + kb dyne _(kb.dyn +kf.dark,dyn)t

kb,dyn + kf,dark,dyn

[Open]; =1 [Open]q

where [Open]o represents the initial concentration of the open form and [Open]: represents the
concentration of the open form at time t. The measured absorbance is used as a proxy for the
open form concentration. In this model the plotted absorbance values are given by the
measured absorbance divided by the initial absorbance (the normalized absorbance, denoted
‘norm. abs.”) under that assumption that all DASA is in the open form prior to irradiation.
As second model, we use a first order exponential recovery function?* that assumes

that all loss of absorbance is due to photodegradation. The model was used in the form:2*

’Abst = Absrec - (AbSrec - AbSPTSS)e_kb,lst *t

where ks, 1st represents the rate of opening in the dark, Absrec represents the absorption of open
form at full recovery (the absorbance at ¢t = 15,000 s after full recovery is used), Absprss
represents the absorption of open form at the photothermalstationary state (PTSS, the
absorbance at t = 200 s as the last data point under irradiation was used) and Abs: represents
the absorption of the open form at time t. In this model we plot and fit the measured absorbance

without normalization.
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To determine the forward kinetics under irradiation we assume a simple two state
model with absorbance being used as a substitute for the concentration of the open form. The

model was used in the form:24

[Open]o * kb

k
bs « [Open]t = + [Open]o <1 — b >e_kf,1ight *t

kflight kflight

ko represents the rate of opening in the dark and is used as the previously calculated kb 1st or
kb,dyn?* ktlight represents the rate of closing under light irradiation, [Open]o represents the initial
concentration of the open form and [Open]: represents the concentration of the open form at
time t.

We find in all cases that ks light >> kpand as a result, the forward rate dominates and the
small differences in determining ks by the two presented above models do not lead to any
significant differences in the calculation of ks iight. The rate of closing under light (kr,ight) can

be given as a function of the effective quantum yield (®eff).?*

’kf,light = 0Degrl — kp

where o represents the absorption cross section, | represents the light intensity, and ko
represents the rate of opening in the dark. o can be calculated by multiplying the extinction
coefficient with a conversion factor of 3.826x10-21.2 To determine the quantum yield, it was
assumed due to spectral overlap between the illumination source and DASA absorption band
(see Figure 4.7) that all light emitted by the white halogen lamp (WHL, halogen lamp, EKE
150 W with a fiber optic illuminator, 172 mW/cm?) was absorbed by the samples and the
area of the detector was used as the area of measurement (~0.1 cm?). For the calculation kp,1st
was used; since ki light >> kb there is no significant change between the two kinetic models

considered. Note, this is an effective quantum yield from open to closed and that the change
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observed as the Tg or the polymer matrix is varied most likely cannot be attributed to a
change in the actinic step, but rather in a change in one or more of the subsequent thermal
steps of the DASA switching mechanism.?® Furthermore, due to the number of assumptions
made in this modeling, the values should only be used in relative comparison between
conditions tested here, and the relevance for external comparison with absolute values may

be limited. This will be further explored in future work.

For the kinetic studies, thin films were prepared by drop casting and irradiated with a
light source (halogen lamp, EKE 150 W with a fiber optic illuminator, 172 mW/cm?) for 140
s at room temperature. In order to achieve an absorbance ~1, 1 mol %, 4 mol % and 9 mol %
DASA-based materials thin films were prepared with different thicknesses of 10 um, 2.5 pm
and 1 pum, respectively, with the assumption that DASA has a molar extinction coefficient in
the solid-state similar to what has been experimentally determined in solution, ~100,000 M-!
cm! 494 With increasing DASA content and increasing Tg, we observed a slowing of the
forward and backward reaction rates as shown in Figure 4.8a. The 1 mol% DASA-PHMA
material with the lowest 7¢ has significantly more recovery at room temperature, at 71% of
the initial absorbance, as compared to the 9 mol% DASA-PHMA material with the highest
Ty, which recovers only 20% after 15,000 s (> 4 hours). Analysis of the forward rate
constants of 1 mol %, 4 mol %, and 9 mol % DASA—PHMA conjugates under illumination
indicated a decrease in rate constants (kt light, s') with increasing DASA content, 0.1350 s°!,
0.0660 s™!, and 0.0271 s™! respectively. While there is slight variation between the two
kinetic models for recovery, they are both in agreement that the rate constants decrease with
increasing DASA incorporation and increasing 7. Overall, the light driven forward reaction

rate dominates the kinetics, while the thermal back reaction rate occurs on a much slower
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time scale, which does not affect the macroscopic properties. The photoswitching kinetics
are summarized in Table 4.2. We repeated the switching study with all DASA-PHMA
materials at temperatures above their 7y using a heating bath that can reach a maximum
sample temperature of 70 °C. When each material is held over Tg, all materials recover to

>70% as shown in Figure 4.9.
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Figure 4.8 The influence of increasing DASA incorporation and Tg on the switching

Kinetics was determined using time-dependent pump-probe UV/Vis spectroscopy. Thin
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films were irradiated (halogen lamp, EKE 150 W with a fiber optic illuminator, 172
mW/cm?) starting at time t = 60 s and ending at t = 200 s (indicated by the shaded box in the
time traces); the subsequent thermal recovery in the dark was measured. a) Time-dependent
UV/Vis analysis of DASA-PHMA materials with Tq ranging from 2-62 °C due to increasing
DASA incorporation. In a polymer matrix of fixed monomer composition, increasing DASA
results in a decrease in the forward and backward reaction rates, as well as lower recovery.
b) Time-dependent UV/Vis analysis of materials with increasing DASA incorporation and
different methacrylate comonomers resulting in materials with Tq ranging from 59-67 °C. In
materials with a high Tgq >> room temperature, and with similar initial absorbance,
increasing DASA results in similar forward and backward reaction rates, and similarly low
recovery. Reprinted with permission from ACS Appl. Polym. Mater. 2022, accepted.!

Copyright 2022 American Chemical Society. https://doi.org/10.1021/acsapm.1c01108
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Figure 4.9 Influence of increasing DASA incorporation in PHMA on their switching
Kinetics, determined by using time-dependent pump-probe UV/Vis spectroscopy above Tg.
Thin films were irradiated with a light source (Thin films were irradiated with a light source
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(halogen lamp, EKE 150 W with a fiber optic illuminator, 172 mW/cm?).). The irradiation
started at t = 60 s and ceased at t = 80 s (indicated by the shaded box in the time traces); the
subsequent thermal recovery in the dark and at temperatures above Tq were measured. The
DASA-PHMA materials have Tq ranging from 2-62°C and the sample temperatures are
included in the legend. This figure is reprinted from an article currently under review.

Copyright permissions will be requested upon acceptance.

We then repeated these experiments for 1 mol% DASA-PPMA and 4 mol% DASA-
PBMA materials that have 7 values of ~60 °C. Based on the results obtained using the 9
mol% DASA-PHMA with similar T, we did not expect to see significant recovery at room
temperature. Indeed, as shown in Figure 4.8b, the three materials with similar 7 and initial
absorbance all showed similar forward rate constants (&t tight, s™'), with increasing DASA
content, 0.0271 s7!, 0.0244 s!, and 0.0271 s°! respectively. In addition, both kinetic models
indicated similar rate constants for the thermal recovery of the materials bearing similar 7g,
regardless of DASA incorporation, as summarized in Table 4.2. The slight variation in
recovery is likely due to the slight differences in 7, where 1 mol% DASA-PPMA matrix
material with the highest 7y of 67 °C is the poorest recovering material. At 70 °C, above the
T, of all three materials, there is a significant increase in thermal recovery, as shown in
Figure 4.10. Consistent with the results obtain using the PHMA-based materials, recovery is
roughly 70-80% regardless of matrix composition and level of DASA incorporation when
the operating temperature is held above 7. Additional studies are underway to better
understand the 20-30% loss upon switching which we believe may arise either because the
material is reaching a new thermodynamic equilibrium or due to decomposition. Based on

these results, it is clear that DASA incorporation dramatically influences the 7g of the

133



material which in turn dramatically influences the photoswitching properties. As such, both
matrix selection and extent of incorporation have a large effect on the photoswitching

behavior.
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Q
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Figure 4.10 Influence of increasing DASA incorporation with different methacrylate
comonomers on their switching kinetics, determined by using time-dependent pump-probe
UV-Vis spectroscopy above Tg. Thin films were irradiated with a light source (halogen
lamp, EKE 150 W with a fiber optic illuminator, 172 mW/cm?). The irradiation started at t =
60 s and ceased at t = 80 s (indicated by the shaded box in the time traces); the subsequent
thermal recovery in the dark and at temperatures above Tq were measured. The DASA-based

materials have Tq ranging from 59-67°C and the materials were all measured at 70 °C.
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Table 4.2 Summary of photoswitching kinetics of DASA-based materials.

0 =
Half | Kfdarkdyn | Kb,dyn Kb, 1st K# light Deprl?] /o Tecovery e}tt
. . 1 B 1 A off 15000 s with

Material | -life | (s)x | (s)x | (s)x (s x 5

s) 106 107 106 10% x 10 respect to the

initial absorbance
1 mol %
DASA- | 570 | 4ga 2 | |20 | 10315 | 1305 | 030 71
PHMA
4 mol %
DASA- 1(1)7 224 £2 23298 =1 42443 [ 660+ 10 3253 * 53
PHMA
9 mol %
+ +

DASA- 281 163 £2 412 243 +£2 | 271 +3 1322 20
PHMA
1 mol %
DASA- |N.D. | 111+4 197“[ 1461 | 271+3 132“ 15
PPMAL®I
4 mol %
DASA- 2(2)5 76+ 1 223” 166+ 1 | 244 +3 ”2% 20
PBMA

Approximate sample temperature equals 22 °C [a]Effective quantum yield from open to closed and
not of the actinic step. See Scheme 4.1. [b] recovery is barely observable. N.D. = not determined.

4.6. Photothermal actuation performance

To demonstrate the effect of material design on light-driven actuation performance,

we prepared bilayer actuators by drop casting DASA-based materials onto a commercially-

obtained polyimide (PI) film (purchased from McMaster, Kapton polyimide film, CTE ~

22.8 +0.1 x 107 /°C and elastic modulus ~ 3.4 GPa at 1 Hz). The resulting material has a

responsive DASA-based layer thickness of ~10 um and passive layer thickness of ~25 um

(Figure 4.11), and the planar sheet is cut into thin strips of 1.5 mm by 15 mm. Because

stiffness increases by the cube of the thickness, all cantilevers are prepared with the same

thickness of ~10 um, regardless of mol % DASA incorporation. To evaluate the actuation

performance of the different materials, a light source (halogen lamp, EKE 150 W with a
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fiber optic illuminator) located above the cantilever directly illuminated the DASA-PHMA
layer. For each experiment, the displacement of the cantilever tip was continuously recorded
before, during, and after irradiation, as shown in Figure 4.12a. An infrared camera (FLIR
E60) was used to record the temperature of the bilayer cantilever under illumination. The
actuation performance was measured under conditions of short- or long-term irradiation.
Short-term irradiation is defined herein as ~ 4 s of irradiation time, resulting in negligible
photoswitching in high 7, materials, as compared to long-term irradiation defined herein as

> 2 min of irradiation time, resulting in non-negligible photoswitching in all materials.

1mol% DASA- 1mol% DASA- 4mol% DASA-
PHMA PPMA

& ‘\*,"__K:} b < ».
. . —"7."»1_’,__?}:&4.(

9mol% DASA-
PHMA

Figure 4.11 Cross-sectional images of the bilayer of DASA-based materials taken by an
SEM indicated that the thicknesses of the DASA-based materials vary from 10.2 pumto 11.9

pm.
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Figure 4.12 Photothermally-driven actuation of DASA-based materials. a) Using a

cantilevered actuator geometry, we demonstrate the ability of DASA-polymer to
photothermally actuate upon irradiation with visible light. b) Averaged peak temperature vs

light intensity of DASA-PHMA materials with increasing DASA incorporation, resulting in

a slight increase in temperature with increasing DASA incorporation. ¢) Averaged peak
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displacement vs averaged measured temperature at different light intensities are plotted for
DASA-PHMA materials, with significantly higher actuation for 9 mol % DASA-PHMA
compared to lower incorporations. d) Averaged peak temperature vs light intensity of DASA
materials with increasing DASA incorporation and different methacrylate comonomers
(PXMA). e) Averaged peak displacement vs averaged measured temperature at different
light intensities are plotted for DASA-PXMA materials, with similar actuation and
temperature for all three materials. Averaged peak displacement is averaged over 5 total
peak displacements and averaged peak temperature is averaged over 3 total measurements.
Reprinted with permission from ACS Appl. Polym. Mater. 2022, accepted.* Copyright 2022
American Chemical Society. https://doi.org/10.1021/acsapm.1c01108

To evaluate the short-term photothermal actuation of responsive bilayer materials,
we initially measured cantilever tip displacement and temperature at different light
intensities using the DASA-PHMA coated materials with 1 mol %, 4 mol %, and 9 mol %
incorporation of DASA (Figure 4.12b, Figure 4.13, and Table 4.3). At a given light intensity,
we observed a slight temperature increase as the concentration of DASA increased. At the
maximum light intensity of 172 mW/cm?, for 1 mol %, 4 mol %, and 9 mol % DASA—
PHMA conjugates, we measured 52.1 °C, 57.9 °C, and 62.4 °C respectively. We attribute the
slight variation in maximum measured temperature to (7) increasing DASA incorporation
and (i) the increased forward switching kinetics in lower 7Tz materials as shown in Figure
4.8a. The latter effectively lowers the percentage of photothermal agent within the low Tg
materials. The displacement versus measured temperature at different light intensities is
summarized in Figure 4.12c. Here, we observed a significant increase in displacement as

the concentration of DASA increases at a given light intensity. At the maximum light
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intensity of 172 mW/cm?, a cantilever containing a 9 mol % DASA-PHMA active layer
reached a maximum deflection of 7.0 = 0.1 mm and temperature of 62.4 °C. Identical
cantilevers containing 1 mol % and 4 mol % DASA-PHMA reached slightly lower
temperatures of 52.1 °C and 57.9 °C but demonstrated an approximately order-of-magnitude
smaller displacement, of 0.65 + 0.06 mm and 1.11 £ 0.06 mm, respectively. We attribute the
large difference in actuation performance to the differences in the stiffness of the materials,
reflected in the 7; and modulus values. The 1 mol % and 4 mol % DASA-PHMA materials
have Ty at or below room temperature, and elastic moduli of 0.495 GPa and 0.003 GPa at 20
°C, respectively. As a result, they do not provide enough bending stiffness to actuate the
system. By contrast, the stiffer 9 mol % DASA-PHMA with a T = 62 °C significantly
above room temperature, and elastic modulus = 1.608 GPa, outperforms the lower
incorporation materials. While the role of the increasing concentration of photothermal agent
cannot be decoupled from the resulting change in mechanical properties among these three
materials, it is clear that for a given passive bilayer, increasing the active layer stiffness

improves actuation performance.
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Figure 4.13 Photothermally-driven actuation of DASA-based materials. Averaged peak
displacement vs light intensity DASA-PHMA materials, with significantly higher actuation
for 9 mol % DASA-PHMA compared to lower incorporations at all light intensities

measured.

In order to decouple the changes in thermal and mechanical properties of DASA-
based materials that result from increasing DASA incorporation, we next tested the materials
with differing comonomer composition, thereby allowing us to increase the DASA
incorporation without changing the 7, or modulus values and evaluated their actuation
performance in our cantilever device. Now, despite the significant differences in DASA
incorporation, we measured very similar temperatures for all three materials, as shown in
Figure 4.12d. Moreover, we observed similar displacements and temperatures at the same
light intensities as the concentration of DASA increases (Figure 4.12e, Figure 4.14 and Table
4.3). Initially, we were surprised by this result because one would anticipate that higher
concentration of the photothermal DASA agent would provide better performance. However,

this result is consistent with the Beer-Lambert law where sample heating reaches an
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asymptotic limit when chromophore absorbance values are greater than ~1.4%43 Due to the
high molar extinction coefficient of DASA (~100,000 M-! cm™!), even at the lowest
incorporation of 1 mol % DASA, the absorbance of the active layer has already reached this
limit. Given that these materials have higher 7 values (~60 °C), they will have reduced
forward photoswitching rates compared to the lower 7 materials, thus negligible short-term
switching unlike the 1 mol % DASA-PHMA with a Ty =2 °C. Together, these results
establish that short-term actuation performance is not dependent on DASA incorporation in
the range of 1-9 mol %, and that the actuation amplitude is primarily governed by the

stiftness of the material as reported by the 7z and modulus.
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Figure 4.14 Photothermally-driven actuation of DASA-based materials. Averaged peak
displacement vs light intensity for DASA materials with increasing DASA incorporation and
different methacrylate comonomers (PXMA), with similar displacement at all light

intensities measured.
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Table 4.3 Summary of material properties of DASA-based materials.

Material Tg Modulus? | CTEP Temp.© Displacement®
(x 108/°C)

1 mol % 2°C |0.003GPa |1428+14 |52.1°C£3.6 | 0.65+0.06 mm

DASA-PHMA

4 mol % 23°C | 0.495GPa | 153.6+0.9 |579°C+1.7 | 1.11+0.06 mm

DASA-PHMA

9 mol % 62°C | 1.608 GPa | 148.4+0.6 |624°C+0.9 | 7.0£0.1 mm

DASA-PHMA

1 mol % 67°C | 1.613GPa | 134.7+1.1 |580°C+0.8 | 6.8£0.4mm

DASA-PPMA

4 mol % 59°C | 1.604 GPa | 140.2+0.7 |61.7°C+1.4 |6.73+0.08 mm

DASA-PBMA

aMeasured at 20 °C by 1 Hz oscillation in the small strain regime. PMeasured in the glassy state from -50
+ Tg to -10 + Tg. ©Measured at 172 mW/cm?,

4.7. Photo-induced material property changes

Unlike traditional photothermal agents or photoswitches, which absorb light in both
states, DASAs are colorless and non-absorbing in the switched state. This negative
photochromism significantly impacts our photothermal material and provides a unique
opportunity to leverage the properties of DASA in actuator design. To determine the
relationship between actuation and photoswitching, we measured the long-term actuation
performance. For these studies we compared the 1 mol % DASA-PPMA, 4 mol % DASA-
PBMA and 9 mol % DASA-PHMA, all with high 7, values of ~ 60 °C and DASA-layer
with a thickness of 10 pm. Based on studies of bleaching front propagation in solution,*® we
anticipate that the bleaching front propagates faster in the case of lower DASA
incorporation, lowering the absorbance below the asymptotic limit more quickly than for the
case of higher DASA incorporation. Experimentally, this was confirmed: as shown in Figure
4.15, the 1 mol % DASA—-PPMA decreases in absorbance and maximum displacement more

quickly than the 9 mol % DASA-PHMA. However, the 4 mol % DASA-PBMA and 9 mol
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% DASA-PHMA had surprisingly similar long-term performance. Thus, while DASA
incorporation does not govern the initial displacement obtained under short-term irradiation,
it plays a role in how long the actuator has chemical energy (in the form of the light-

absorbing species) to sustain the maximum (peak) performance.
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© 1 mol % DASA-PPMA
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o 9 mol % DASA-PHMA

o 2 4 6 8 10 12
lllumination time (min)

Figure 4.15 Long-term actuation performance of 1 mol % DASA-PPMA, 4 mol % DASA-
PBMA and 9 mol % DASA-PHMA. 1 mol % DASA-PPMA decreases in absorbance and
maximum displacement more quickly than the 9 mol % DASA-PHMA, but 4 mol %
DASA-PBMA and 9 mol % DASA-PHMA have surprisingly similar displacement. We

hypothesize this is due to 1) change in absorbance 2) change in material properties.

The difference in performance under long irradiation times led us to also investigate
the light-induced changes in mechanical properties between the photoreactant (open-form)
and photoproduct (closed-form), which we anticipate may arise from the large change in
molecular volume,* polarity?>* and molecular interactions between the isomers. Using

DSC, we determined the 7 of the closed-form 9 mol % DASA-PHMA using the first
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cooling cycle. This contrasts our analysis of the open-form material, where three cooling
cycles were analyzed, as subsequent heating cycles will thermally recover DASA to the
open form as previously shown. These results show there is a marked decrease in 7 of ~20
°C between the open (62 °C) and closed (42 °C) DASA forms, as shown in Figure 4.16a.
The glass transition step is followed by a relaxation enthalpy due to the non-equilibrium
state. We suspect the decrease in Tg is due to the change in volume between the extended,
open-form and compact, closed-form. The photo-induced reduction in 7 is also supported
by DMA as shown in Figure 4.16b. In addition, we observed a drop in elastic modulus at 20
°C between the open- and closed-form by DMA from 1.608 GPa to 1.130 GPa, as measured
by 1 Hz oscillation in the small strain regime as shown in Figure 4.16a. This suggests that
the long-term actuation behavior is much more complex than a simple change in
absorbance/temperature change, and that there is a simultaneous and coupled change in
material properties (modulus and 7). To fully unlock the design potential of DASA-based
materials, it is imperative to consider how these property changes may play a role in short-
and long-term actuation performance, as well as the photoswitching reaction rates which are
highly dependent on these properties. To the best of our knowledge this is the first example
of photo-induced mechanical property changes of DASA-based materials. Such property
changes have been observed in azobenzene-modified materials, although at near 100%
photochrome incorporation.3® The ability to access significant property changes at relatively
low (<10%) DASA incorporation shines light on the promise of DASAs to achieve for more
complex photo-induced property changes, in addition to their promise for applications in

photoactuation.

144



= 4000 F
a) g’ 9 mol % DASA-PHMA b) 9 mol % DASA-PHMA]

< —_ —e— Open

o o —=— Closed

g S 3500{.__

N g

© S

£ T 30001

o =

£ o

E o

8 g 2500+

p &

3

= 2000+, —, ' + + + + +
40 -20 0 20 40 60 80

Temperature (°C) Temperature (°C)

Figure 4.16 Photo-induced changes in mechanical properties between the open and closed-
form of DASA. a) 9 mol % DASA-PHMA shows a 20 °C drop in Tg upon switching by
DSC. b) A decrease in elastic modulus between open and closed-form at all temperatures is
also observed using DMA. The vertical lines indicate the Tq. Reprinted with permission
from ACS Appl. Polym. Mater. 2022, accepted.! Copyright 2022 American Chemical

Society. https://doi.org/10.1021/acsapm.1c01108

4.8. Conclusion

Utilizing a modular Diels—Alder synthetic approach, we designed five materials
which systematically vary in DASA incorporation and glass transition temperature, as well
as properties governing actuation performance such as elastic modulus. The results
demonstrate important considerations for the design of application-geared DASA-materials,
which address the trade-off of having a material that is stiff enough to actuate, but soft
enough to reversibly switch at the operating temperature. Additionally, our results reveal
light-induced property changes in 7z and modulus between the open and closed forms of

DASA-based materials. This work establishes the foundational relationships between
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mechanical and photoswitching properties and is critical to advancing the use of DASA-

based materials.
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4.10. Experimental section

Compounds NBD-MA (4)?2 and Azo-maleimide (24)% were prepared according to the

literature and matched published spectral analysis.

H
(o] \L o
110 °C toluene reflux o

>
N N

Scheme 4.2 2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl (E)-4-(4-(furan-2-ylmethylene)-

5-oxo0-3-(trifluoromethyl)-4,5-dihydro-1H-pyrazol-1-yl)benzoate (9):

9: FA-protected 8 (2.8 g, crude material) was dissolved in 200 mL of toluene and the
reaction was stirred for 4 hours under reflux. The solvent was removed under reduced
pressure. The product was dissolved in DCM and further purified by running through a silica
plug utilizing a mobile phase of Ethyl acetate. The solvent was removed under reduced
pressure to yield a solid orange product 9 (1.15 g, 2.43 mmol, 67% yield from crude).

9: IH NMR (600 MHz, Chloroform-d) & 8.92 (d, J = 3.8 Hz, 1H), 8.13 — 8.04 (m, 4H), 7.91
(dd, J = 1.6, 0.6 Hz, 1H), 7.71 (s, 1H), 6.83 (dd, J = 3.9, 1.6, 0.8 Hz, 1H), 6.74 (s, 2H), 4.46
(dd, J=5.7, 4.8 Hz, 2H), 3.96 (t, J = 5.3 Hz, 2H). 13C NMR (125 MHz, Chloroform-d) &
170.5, 165.8, 161.6, 151.3, 150.9, 141.7, 134.4, 132.1, 131.0, 128.6, 126.7, 118.6, 116.0,
115.4, 62.3, 37.0. IR (thin film) 3127, 2954, 2175, 2151, 1602, 1537, 1511, 1453, 1432,

1407, 1361, 1328, 1268, 1216, 1181, 1157, 1117, 1093, 1046, 1026, 972, 937, 884, 852,
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832, 806, 762, 720, 692, 606, 593, 552, 528, 501, 473 cmt. HRMS (ESI), calculated for

C22H14F3N3NaOs* (M+Na*) 496.0732, observed 496.0735.

2-methyl indoline (2 equiv)
(o} -
o MeOH o

9 10

Scheme 4.3 2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl 4-((Z2)-4-((2Z,4E)-2-hydroxy-5-
(2-methylindolin-1-yl)penta-2,4-dien-1-ylidene)-5-oxo-3-(trifluoromethyl)-4,5-dihydro-1H-

pyrazol-1-yl)benzoate (10):

10: The furan adduct 9 (385 mg, 0.813 mmol, 1 equiv) was stirred in minimal methanol
(approximately 3 mL) then 2-methylindoline (217 mg, 1.63 mmol, 2 equiv) was added. The
reaction was stirred for 2 h and monitored by TLC for consumption of 9. The reaction
mixture was then filtered to yield the product as dark blue crystals and washed with diethyl
ether to afford the product 10 (380 mg, 0.627 mmol, 77%).

10: 'H NMR (600 MHz, Chloroform-d) & 12.90 (s, 1H), 8.12 — 7.98 (m, 4H), 7.70 (d, J =
12.6 Hz, 1H), 7.31 (d, J = 7.4 Hz, 2H), 7.18 (t, = 7.4 Hz, 1H), 7.10 (d, J = 8.0 Hz, 1H),
6.76 (d, J = 12.3 Hz, 1H), 6.73 (5, 2H), 6.57 (s, 1H), 6.44 (t, J = 12.4 Hz, 1H), 4.74 (t, J =
7.4 Hz, 1H), 4.44 (t, J = 5.3 Hz, 2H), 3.95 (t, J = 5.3 Hz, 2H), 3.54 (dd, J = 16.1, 8.7 Hz,
2H), 2.86 (d, J = 15.9 Hz, 2H), 1.47 (d, J = 6.5 Hz, 3H). Characterization matched published

spectral analysis.?®
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Scheme 4.4 1 mol % NBD-PHMA (12):

To access the 1 mol % NBD-PHMA (12), : To a round bottom flask equipped with a
magnetic stir bar and septum cap, compound NBD-MA (4) (68 mg, 0.26 mmol, 6.5 equiv)
and hexyl methacrylate 11 (4.58 mL, 23.2 mmol, 580 equiv, HMA) were added and dissolved
in tetrahydrofuran (THF, 4.64 mL). To this solution, azobisisobutyronitrile (AIBN, 1.3 mg,
0.008 mmol, 0.2 equiv) and 2-cyano-2-propyl dodecy!l trithiocarbonate (13.8 mg, 0.040 mmol,
1.0 equiv) were added to the reaction vial and the polymerization was degassed by nitrogen
bubbling for 10 minutes. The polymerization was left to react at 60 °C and a crude *H NMR
spectrum was taken in deuterated chloroform to estimate monomer conversion (75%). The
THF was removed under reduced pressure and the crude mixture was redissolved in a minimal
amount of DCM. The mixture was precipitated into cold methanol. The solid was redissolved
in DCM and the precipitation process was repeated a total of 3-4 times. 'H NMR analysis
indicates approximately 1% of NBD functionality. Mn(theoreticaty = 75,000 g/mol, MnnmR) =

83,000 g/mol, Mn(sec) = 59,000 g/mol, © =1.34
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Scheme 4.5 4 mol % NBD-PHMA (12):

4 mol % NBD-PHMA (12): To a round bottom flask equipped with a magnetic stir bar and
septum cap, compound NBD-MA (4) (234 mg, 0.90 mmol, 30 equiv) and hexyl methacrylate
11 (3.23 mL, 16.35 mmol, 545 equiv, HMA) were added and dissolved in THF (3.46 mL). To
this solution, AIBN (1.0 mg, 0.006 mmol, 0.2 equiv) and 2-cyano-2-propyl dodecyl
trithiocarbonate (10.4 mg, 0.030 mmol, 1.0 equiv) were added to the reaction vial and the
polymerization was degassed by nitrogen bubbling for 10 minutes. The polymerization was
left to react at 60 °C and a crude *H NMR spectrum was taken in deuterated chloroform to
estimate monomer conversion (70%). The THF was removed under reduced pressure and the
crude mixture was redissolved in a minimal amount of DCM. The mixture was precipitated
into cold methanol. The solid was redissolved in DCM and the precipitation process was
repeated a total of 3-4 times. 'H NMR analysis indicates approximately 5% of NBD
functionality. Conversion 70%, Mntheoretical) = 70,000 g/mol, Mnnmr) = 81,000 g/mol, Mn(sec)

= 59,000 g/mol, D =1.70.

155



s__S
X SOk
o~ o o o S
o~ "o RAFT [o) [o)
+ —_—
@f AIBN CsHi
C5H11

M 4 9 mol % NBD-PHMA (14)

Scheme 4.6 9 mol % NBD-PHMA (14):

9 mol % NBD-PHMA (14): To a round bottom flask equipped with a magnetic stir bar and
septum cap, compound NBD-MA (4) (916 mg, 3.52 mmol, 58 equiv) and hexyl methacrylate
11 (6.0 mL, 30.4 mmol, 502 equiv, HMA) were added and dissolved in THF (6.0 mL). To this
solution, AIBN (2.0 mg, 0.012 mmol, 0.2 equiv) and 2-cyano-2-propyl dodecyl
trithiocarbonate (21.0 mg, 0.061 mmol, 1.0 equiv) were added to the reaction vial and the
polymerization was degassed by nitrogen bubbling for 10 minutes. The polymerization was
left to react at 60 °C and a crude *H NMR spectrum was taken in deuterated chloroform to
estimate monomer conversion (55%). The THF was removed under reduced pressure and the
crude mixture was redissolved in a minimal amount of DCM. The mixture was precipitated
into cold methanol. The solid was redissolved in DCM and the precipitation process was
repeated a total of 3-4 times. 'H NMR analysis indicates approximately 9% of NBD
functionality. Conversion 55%, Mntheoretical) = 55,000 g/mol, Mnnmr) = 45,000 g/mol, Mn(sec)

= 39,000 g/mol, D = 1.46.
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Scheme 4.7 1 mol % NBD-PPMA (16):

1 mol % NBD-PPMA (16): To a round bottom flask equipped with a magnetic stir bar and
septum cap, compound NBD-MA (4) (104 mg, 0.4 mmol, 10 equiv) and propyl methacrylate
15 (4.34 mL, 30.4 mmol, 760 equiv, PMA) were added and dissolved in THF (4.44 mL). To
this solution, AIBN (1.3 mg, 0.008 mmol, 0.2 equiv) and 2-cyano-2-propyl dodecyl
trithiocarbonate (13.8 mg, 0.040 mmol, 1.0 equiv) were added to the reaction vial and the
polymerization was degassed by nitrogen bubbling for 10 minutes. The polymerization was
left to react at 60 °C and a crude *H NMR spectrum was taken in deuterated chloroform to
estimate monomer conversion (70%). The THF was removed under reduced pressure and the
crude mixture was redissolved in a minimal amount of DCM. The mixture was precipitated
into cold methanol. The solid was redissolved in DCM and the precipitation process was
repeated a total of 3-4 times. 'H NMR analysis indicates approximately 1% of NBD
functionality. Conversion 70%, Mntheoretical) = 70,000 g/mol, Mnnmr) = 60,000 g/mol, Mn(sec)

= 59,000 g/mol, D = 1.40.

157



S )
O S,
NC o o) s
o RAFT o [o}
+ —_—
)) @\) AIBN CsHqq
CsHy

17 4 4 mol % NBD-PBMA (18)

Scheme 4.8 4 mol % NBD-PBMA (16):

4 mol % NBD-PBMA (18): To a round bottom flask equipped with a magnetic stir bar and
septum cap, compound NBD-MA (4) (258 mg, 0.99 mmol, 33 equiv) and butyl methacrylate
17 (2.86 mL, 18.0 mmol, 600 equiv, BMA) were added and dissolved in THF (3.12 mL). To
this solution, AIBN (1.0 mg, 0.006 mmol, 0.2 equiv) and 2-cyano-2-propyl dodecyl
trithiocarbonate (10.4 mg, 0.030 mmol, 1.0 equiv) were added to the reaction vial and the
polymerization was degassed by nitrogen bubbling for 10 minutes. The polymerization was
left to react at 60 °C and a crude *H NMR spectrum was taken in deuterated chloroform to
estimate monomer conversion (80%). The THF was removed under reduced pressure and the
crude mixture was redissolved in a minimal amount of DCM. The mixture was precipitated
into cold methanol. The solid was redissolved in DCM and the precipitation process was
repeated a total of 3-4 times. 'H NMR analysis indicates approximately 5% of NBD
functionality. Conversion 80%, Mntheoretical) = 80,000 g/mol, Mnnmr) = 83,000 g/mol, Mn(sec)

= 68,000 g/mol, D = 1.85.
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Scheme 4.9 1 mol % DASA-PHMA (19):

1 mol % DASA-PHMA (19): 1 mol % NBD-PHMA (12) (842 mg, 0.010 mmol, 1 equiv)
and 3,6-di-2-pyridyl-1,2,4,5-tetrazine (21 mg, 0.090 mmol, 9 equiv, DpTz) were combined in
CDCls (100 mg/mL, 8.42 mL) under nitrogen atmosphere. The solution was stirred for 8 h
and complete conversion of NBD to cyclopentadiene was monitored by *H NMR. Upon
completion, norbornylene (8.5 mg, 0.090 mmol, 9 equiv) was added to quench the excess
DpTz. The solution transitions from a pink to yellow color upon completion. To this, DASA—
maleimide 10 (36 mg, 0.060 mmol, 6 equiv) was added. The reaction was left to stir for 15 h.
The DCM was removed under reduced pressure and the crude mixture was redissolved in a
minimal amount of DCM. The mixture was precipitated into cold methanol. The solid was
redissolved in DCM and the precipitation process was repeated a total of 3-4 times. 'H NMR
analysis indicated incorporation of 1% of DASA functionality. *H NMR (600 MHz, CDCls)
o/ppm: 8.22-7.95 (4H, phenyl peaks), 4.05-3.85 (2H, polymer backbone). Mn(sec) = 72,000

g/mol, B = 2.31. T (DSC) = 2°C. Tg (DMA) = 7°C.
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Scheme 4.10 4 mol % DASA-PHMA (20):

4 mol % DASA-PHMA (20): 4 mol % NBD-PHMA (13) (1.0 g, 0.012 mmol, 1 equiv) and
3,6-di-2-pyridyl-1,2,4,5-tetrazine (77 mg, 0.33 mmol, 27.5 equiv, DpTz) were combined in
CDCls (100 mg/mL, 10 mL) under nitrogen atmosphere. The solution was stirred for 8 h and
complete conversion of NBD to cyclopentadiene was monitored by 'H NMR. Upon
completion, norbornylene (31 mg, 0.33 mmol, 27.5 equiv) was added to quench the excess
DpTz. The solution transitions from a pink to yellow color upon completion. The reaction was
diluted to 20 mg/mL and DASA—maleimide 10 (127 mg, 0.21 mmol, 17.5 equiv) was added.
The reaction was left to stir for 15 h. The DCM was removed under reduced pressure and the
crude mixture was redissolved in a minimal amount of DCM. The mixture was precipitated
into cold methanol. The solid was redissolved in DCM and the precipitation process was
repeated a total of 3-4 times. *H NMR analysis indicated incorporation of 4% of DASA
functionality. *H NMR (600 MHz, CDCls) &/ppm: 8.21-7.90 (4H, phenyl peaks), 4.02-3.84
(2H, polymer backbone). Mnsecy = 65,000 g/mol, P = 2.49. T¢ (DSC) = 23°C. Tg (DMA) =

25°C.
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Scheme 4.11 9 mol % DASA-PHMA (21):

9 mol % DASA-PHMA (21): 9 mol % NBD-PHMA (14) (1.5 g, 0.033 mmol, 1 equiv)
and 3,6-di-2-pyridyl-1,2,4,5-tetrazine (239 mg, 1.01 mmol, 30 equiv, DpTz) were combined
in CDClI3 (100 mg/mL, 10 mL) under nitrogen atmosphere. The solution was stirred for 8 h
and complete conversion of NBD to cyclopentadiene was monitored by *H NMR. Upon
completion, norbornylene (95 mg, 1.01 mmol, 30 equiv) was added to quench the excess
DpTz. The solution transitions from a pink to yellow color upon completion. The reaction
was diluted to 10 mg/mL and DASA—maleimide 10 (456 mg, 0.75 mmol, 23 equiv) was
added. The reaction was left to stir for 15 h. The DCM was removed under reduced pressure
and the crude mixture was redissolved in a minimal amount of DCM. The mixture was
precipitated into cold methanol. The solid was redissolved in DCM and the precipitation
process was repeated a total of 3-4 times. 'H NMR analysis indicated incorporation of 9% of
DASA functionality. *H NMR (600 MHz, CDCls) 8/ppm: 8.21-7.90 (4H, phenyl peaks),
4.04-3.82 (2H, polymer backbone). Mntheoreticar) = 53,000 g/mol. Tq (DSC) = 62 °C. Ty

(DMA) = 68 °C.
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Scheme 4.12 1 mol % DASA-PPMA (22):

1 mol % DASA-PPMA (22): 1 mol % NBD-PPMA (16) (1.75 g, 0.0292 mmol, 1 equiv)
and 3,6-di-2-pyridyl-1,2,4,5-tetrazine (65 mg, 0.275 mmol, 9 equiv, DpTz) were combined in
CDCls (100 mg/mL, 17.5 mL) under nitrogen atmosphere. The solution was stirred for 8 h
and complete conversion of NBD to cyclopentadiene was monitored by *H NMR. Upon
completion, norbornylene (26 mg, 0.275 mmol, 9 equiv) was added to quench the excess
DpTz. The solution transitions from a pink to yellow color upon completion. The reaction was
diluted to 50 mg/mL, DASA-maleimide 10 (104 mg, 0.172 mmol, 6 equiv) was added. The
reaction was left to stir for 15 h. The DCM was removed under reduced pressure and the crude
mixture was redissolved in a minimal amount of DCM. The mixture was precipitated into cold
methanol. The solid was redissolved in DCM and the precipitation process was repeated a
total of 3-4 times. *H NMR analysis indicated incorporation of 1% of DASA functionality. *H
NMR (600 MHz, CDCls) &/ppm: 8.22-7.96 (4H, phenyl peaks), 4.07-3.77 (2H, polymer

backbone). Mn(sec) = 74,000 g/mol, © = 2.21. Tg (DSC) = 66 °C. Tg (DMA) = 67 °C.
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Scheme 4.13 4 mol % DASA-PBMA (23):

4 mol % DASA-PBMA (23): 4 mol % NBD-PBMA (18) (1.0 g, 0.012 mmol, 1 equiv) and
3,6-di-2-pyridyl-1,2,4,5-tetrazine (90 mg, 0.381 mmol, 32 equiv, DpTz) were combined in
CDCls (100 mg/mL, 10 mL) under nitrogen atmosphere. The solution was stirred for 8 h and
complete conversion of NBD to cyclopentadiene was monitored by 'H NMR. Upon
completion, norbornylene (36 mg, 0.381 mmol, 32 equiv) was added to quench the excess
DpTz. The solution transitions from a pink to yellow color upon completion. The reaction was
diluted to 20 mg/mL and DASA—maleimide 10 (151 mg, 0.249 mmol, 23 equiv) was added.
The reaction was left to stir for 15 h. The DCM was removed under reduced pressure and the
crude mixture was redissolved in a minimal amount of DCM. The mixture was precipitated
into cold methanol. The solid was redissolved in DCM and the precipitation process was
repeated a total of 3-4 times. *H NMR analysis indicated incorporation of 4% of DASA
functionality. *H NMR (600 MHz, CDCls) &/ppm: 8.21-7.90 (4H, phenyl peaks), 4.05-3.83
(2H, polymer backbone). Mnsec) = 63,000 g/mol, B = 2.37. Tg (DSC) =59 °C. Tg (DMA) =

57 °C.
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Scheme 4.14 9 mol % Azo-PHMA (25):

9 mol % Azo-PHMA (25): 9 mol % NBD-PHMA (14) (1.2 g, 0.0312 mmol, 1 equiv) and
3,6-di-2-pyridyl-1,2,4,5-tetrazine (260 mg, 1.09 mmol, 35 equiv, DpTz) were combined in
CDCIs (100 mg/mL, X mL) under nitrogen atmosphere. The solution was stirred for 8 h and
complete conversion of NBD to cyclopentadiene was monitored by *H NMR. Upon
completion, norbornylene (102 mg, 1.09 mmol, 35 equiv) was added to quench the excess
DpTz. The solution transitions from a pink to yellow color upon completion. The reaction
was diluted to 10 mg/mL and Azo—maleimide (24)% (205 mg, 0.524 mmol, 17 equiv) was
added. The reaction was left to stir for 15 h. The DCM was removed under reduced pressure
and the crude mixture was redissolved in a minimal amount of DCM. The mixture was
precipitated into cold methanol. The solid was redissolved in DCM and the precipitation
process was repeated a total of 3-4 times. *H NMR analysis indicated incorporation of 9% of
DASA functionality. 'H NMR (600 MHz, CDCls) 8/ppm: 7.93-7.84 (2H, phenyl peaks),

3.98-3.82 (2H, polymer backbone). Mnsec) = 44,000 g/mol, & = 1.61. Tq (DSC) =5 °C.

164



10 was previously synthesized as shown in Scheme 4.15.2° While this method
yielded 10, it was wasteful and did not scale well (< 500 mg). The major limitations of the
current method included: 1) this route required column chromatography of FA-protected (8),
which had a tendency to stick to the silica column and required large amount of ethyl
acetate, which had to then be removed, 2) the solid-state deprotection of 26 at 110 °C had
long reaction times varying from 36-72 hours depending on scale (< 1g), 3) the solid-state
deprotection of 26 could not be scaled over a gram and resulted in increasing reaction times
>72 hours that resulted in decomposition prior to full deprotection, thus destroying precious
material. Accessing a gram of material took roughly a week and a lot of ethyl acetate. To
overcome these challenges, we sought an alternative to the solid-state deprotection of
DASA-maleimide. In solution DASA decomposed prior to deprotection under reflux in
toluene. However, we found that the FA-protected (8) could be deprotected to the FA-
maleimide (9) under reflux in toluene, and that this reaction could be performed on larger
scales (2.8 g) with shorter reaction times (< 4 hr). In addition, the FA-protected (8) could be
used crude and taken directly from the EDC work-up and deprotected. Moreover, the FA-
maleimide (9) was much more soluble than the protected-FA, allowing us to run a quick
plug, which saved time and reduced waste. The plugged material could be reacted with 2-
methyl indoline to yield DASA-maleimide 10, as shown in Scheme 4.16. However, this
route was not initially taken as the 2-methyl indoline could potentially add in through a
Michael-addition with the functional maleimide handle. We found even with 2 equivalents
of amine the maleimide remained intact by '"H NMR. Overall, this approach offered several
advantages: the solution-state FA-protected (8) could be scaled with moderate reaction

times, due to changes in solubility the FA-maleimide (9) could be purified via a plug, and
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the DASA forming step yield was increased from 52% to 77%. Most importantly, using the
optimized route, FA-protected (8) could be brought forward to the DASA-maleimide (10) in

one 8-hour shift saving time and resources.

o ﬁo
H )N N
(o}
o \‘\ 0
o) (o}
o 2-methyl indoline (2 equiv) o 110 °C under vacuum

o — —
o MeOH Solid-state
i 71M
N/ P \

ek /9
—

FA-protected (8) DASA-protected (26) DASA-maleimide (10)

Scheme 4.15 Previous synthetic route to 10.

(o]
110 °C toluene reflux0 2-methyl indoline (2 equw)
— —
MeOH o
N OH
’z‘ Na A AN
3 cr 9
—

cr /9
—

FA-protected (8) FA-maleimide (9) DASA-maleimide (10)

Scheme 4.16 Optimized synthetic route to 10.
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Scheme 4.20 *H NMR of 1 mol % NBD-PHMA (12) in Chloroform-d.
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Scheme 4.21 *H NMR of 4 mol % NBD-PHMA (13) in Chloroform-d.
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Scheme 4.22 *H NMR of 9 mol % NBD-PHMA (14) in Chloroform-d.
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Scheme 4.23 *H NMR of NBD-PHMA materials with increasing incorporation of NBD in
Chloroform-d. Highlighting distinct NBD functionality in green and the polymer backbone
in red. Top: 1 mol % NBD-PHMA, middle: 4 mol % NBD-PHMA, bottom: 9 mol %

NBD-PHMA.
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Scheme 4.24 *H NMR of 1 mol % NBD-PPMA (16) in Chloroform-d.
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Scheme 4.25 *H NMR of 4 mol % NBD-PBMA (18) in Chloroform-d.
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Scheme 4.29 *H NMR of DASA-PHMA materials with increasing incorporation of DASA
in Chloroform-d. Highlighting distinct DASA functionality in blue and the polymer
backbone in red. Top: 1 mol % DASA-PHMA, middle: 4 mol % DASA-PHMA, bottom:

9 mol % DASA-PHMA.

179



1.0

F0.5

+0.0

4.24 0.89
T T T T T T T
8382818079787
Chemical Shift (ppm)

T
776

L

e A B R R e S Al I
4.240.89 0.96 0.89 0.96 0.76 0.87 2.02 200.00 0.97
T T T T T T T T T T T T T T T T T T T T T T T T T T T T
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05

Scheme 4.30 *H NMR of 1 mol % DASA-PPMA (22) in Chloroform-d.

Chemical Shift (ppm

180

1170
1160
1150
1140
1130
1120
1110
1100
L90
180
170
160
150
L40
130
120

+10

+-10




15.65 3.73

T T T T T T T T
83 82 818079787776
Chemical Shift (ppm)

L]

r2.5
+2.0
+1.5
1.0
F0.5
+0.0

- M M A
e e T i s
15.653.73 4.17 200.00 3.93
T T T T T T T T T T T T T T T T T T T T T T T T T T T T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 50 45 4.0 35 3.0

Scheme 4.31 *H NMR of 4 mol % DASA-PBMA (23) in Chloroform-d.

Chemical Shift (ppm

181

+130

+120

F110

+100

F90

80

+70

60

50

140

30

20

+10

+-10




T . i

e LS (-
19.80 19.39 21.72 19.22 200.00

T T T T T T T T T T T T T T T
2.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

Chemical Shift (ppm

Scheme 4.32 *H NMR of 9 mol % AZO-PHMA (25) in Chloroform-d.
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Scheme 4.33 *H NMR of AZO-maleimide (24) (top) functionalize to produce 9 mol %
AZO-PHMA (25) (bottom) after purification in chloroform-d, highlighting distinct

Azobenzene functionality in orange and disappearance of distinct maleimide functionality in
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Chapter 5. Directions for future work and conclusion

5.1. Electrospinning DASA fibers

Electrospinning is one of the most common nanofiber fabrications techniques. This
method produces nanofibers from a viscoelastic liquid using an external electric field. The
charged threads of polymer form fibers in the range of micrometers to nanometers.! Current
applications of electrospun fibers using photochromes include optical sensors, processing
media, optical data storage devices, and functional components for smart surfaces,? but very
little work has been done to explore the benefit of using electrospun fibers for actuation.
Rack et al. have shown one of the only examples using electrospun fibers for actuation.® By
blending a non-isomerizing Rhodamine dye into polylactic acid (PLA), which is electrospun
into nanofibrous polymer mats, they create a heat gradient and produce photothermally
driven actuation upon irradiation. This work highlights the ease of fabrication of light-driven
electrospun materials, makes use of only commercially available starting materials and
simple polymer blends. We are interested in using electrospinning as a practical technique to
incorporate photochromes into highly aligned nanofibers to produce mechanical work.
Electrospun fibers have a number of advantageous properties making them especially
promising for photomechanical materials. These include, (i) fibers can be easily aligned to
build in strain using methods such as a mechanical alignment or by manipulating the electric
field,* eliminating the need for specific chemistries such as thiol-Michael additions and
radical polymerizations, which are not compatible with all photoswitches, (ii) they have a
high surface area to volume ratio, which is beneficial to maximize the performance of
photochromes with limited depth penetration, as well as improve heat dissipation compared
to thin films, and (iii) there are a variety of different architectures to explore including
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nonwoven mats, aligned fibers, single fibers, and core- shell. As mentioned, electrospun
materials can be easily aligned.® The earliest, most straightforward method of fiber
alignment is using a rotating drum.® This can be a mandrel, wire drum, wheel, or cone.
During electrospinning, high voltage electrifying your polymer solution exits a spinneret as
a charged jet resulting in a whipping instability, these fibers are then collected on a
grounded rotating drum. The high velocities and mechanical stretching forces on the rotating
cylinder surface result in fiber alignment.® Spraybase the instrument located in California
NanoSystems Institute has a rotating drum with controlled rotating velocity and a
translational emitter to produce aligned fibers that is commercially available. Another
alignment technique is post-drawing.>-” Nonwoven mats can be reprocessed by applying
uniaxial stretching forces, which effectively induce reorientation of the randomly aligned
nonwoven fibers in the direction of the stretching force. Zong and coworkers explored
electrospun PLA-based fibers under traditional spinning conditions, and then post-drawn to
an extension ratio of 200% at 60 °C once.” The resulting fibers show improved alignment
with a fiber diameter of 1 um. The reprocessing temperature is a minimum of the Tq4 of the
material. One of the major advantages of this approach is the ease of implantation. Thus, we
could start aligning DASA/PMMA fibers by utilizing a tension stage that can be put in an
oven to control temperature. Other methods include near-field electrospinning and parallel

plates (available for purchase from Spraybase).®
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Figure 5.1 Photographic image of the Spraybase® 20 kV Coaxial Electrospraying Kit I-

0200-0006-01. The Spraybase is located in Elings 2410.

In order to explore DASA-based nanofibers, we used a Spraybase® 20 kV Coaxial
Electrospraying Kit 1-0200-0006-01, as shown in Figure 5.1. We are specifically interested
in electrospinning DASA-based nanofibers due to their negative photochromism, resulting
in a photogenerated compact, colorless isomer, allowing deep penetration of light during
photoconversion.?® In addition we have recently demonstrated the photothermal properties
of DASA can be leveraged to drive tunable photothermal actuation utilizing a bilayer
design.1® Using DASA/PMMA blends, we electrospun uniform nonwoven mats, resulting in
brightly blue colored micrometer fibers (8-9 micrometers). We visualized the fibers using a
Keyence (Figure 5.2) and optical microscope. A solution of 2 wt % DASA 3-1P (structure
shown in Figure 5.2) in PMMA was sonicated in DCM (20 wt %). The electrospinning
conditions used include a flow rate of 1.2 mL/hour, the distance between plate and needle of
10 cm, and voltage of 15 kV.! Note that when the Spraybase® was placed inside the fume

hood during these experiments, the solvent evaporated quickly resulting in significant
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buildup of material at the needle tip, therefore we removed it. We also utilized the
electrospray dish collector (it is best to use the electrospinning flat plate for fibers). Upon
irradiation of the electrospun fibers with visible light, the negatively photochromic DASA
switches from highly colored to colorless, resulting in white fibers due to the PMMA, as
shown in Figure 5.3. In order to demonstrate actuation, we fabricated a bilayer by collecting
fibers from the aluminum dish with scotch tape. The DASA-PMMA fiber/scotch tape
bilayer was irradiated with a light source (halogen lamp, EKE 150 W with a fiber optic
illuminator) and resulted in actuation, as shown in Figure 5.4. We hypothesize the
mechanism of actuation is photothermally driven based on our previous DASA-PHMA/PI

bilayer system.

DASA 3-IP

Figure 5.2 DASA 3-IP structure shown on right. Keyence microscope images of uniform

electrospun fibers on right. Scale bar is 500 pm.
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Figure 5.3 Upon irradiation with visible light the highly colored blue fibers become

colorless. Fibers spun onto one-inch by three-inch glass slides.

Before irradiation During irradiation After irradiation

Figure 5.4 The DASA-PMMA fiber/scotch tape bilayer was irradiated with a light source
(halogen lamp, EKE 150 W with a fiber optic illuminator) and resulted in actuation. Upon

removal of the light source the bilayer returns to the initial position.
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In addition to electrospinning uniform fibers, we demonstrated “dancing” yarn
fibers. A solution of 2 wt % DASA 3-IP in PMMA was sonicated in DMF (250 mg
DASA+PMMA in 1.25 mL DMF). The electrospinning conditions used include a flow rate
of 2.4 mL/hour, the distance between plate and needle of 10 cm, and voltage of 15 kV. The
resulting fibers were lightly colored, presumably due to equilibration to the closed form
isomer in DMF as shown in Figure 5.5. It is worth noting there was residual solvent in the
sheets. When we slightly changed the conditions to a flow rate of 1.2 mL/hour, we observed
self-buckling in yarn fibers as shown in Figure 5.6. The lightly colored yarn fibers could be
thermally reverted to the open form upon drying under vacuum (house vacuum for 5 days),
resulting in highly colored, brittle, PMMA-like yarn fibers (Figure 5.7). Yarn formation/self-
buckling has been previously observed in the literature.'*4 Electrospun yarn fibers have
been demonstrated using: stable jet electrospinning,'? self-bundling using a grounded
needle,’® and AC voltage.** A possible mechanism for the self-bundling is that the high
conductivity of the polymer solution results in the change of the shape of the electrostatic
field, resulting in self-bundling.®® Based on this mechanism, we believe that the zwitterionic
nature of the closed form may increase the conductivity of the solution resulting in self-
bundling. An interesting follow-up study would be to electrospin a second-generation
DASA that has a neutral closed form, such as DASA 2-1M, and observe for the formation of
yarn bundles. Overall, these results demonstrate a simple method to fabricate fiber bundles
of DASA/PMMA blends. It would be interesting to investigate if there are heat gradients
within the fiber bundles that could be leveraged for photothermal actuation. This could
allow us to leverage the increase in strength and alignment of the fibers using this technique.

In addition, Figure 5.7 shows a bundle with different thicknesses throughout the thread,
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which may be an interesting parameter to explore. While this work only focused on using

blends, one could also explore using the conjugated materials described in Chapter 4.

v | ,_A",*

i

Figure 5.5 Lightly colored DASA 3-IP-PMMA blended sheets electrospun from DMF.

Figure 5.6 Photographic images of “dancing” yarn fibers of DASA 3-IP/PMMA blends in

DMF.
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Figure 5.7 Upon removal of residual DMSO, the previously lightly colored fibers are dark

blue upon thermal reversion to the highly colored, open form DASA 3-IP.

Another potential project could be utilizing our Diels—Alder chemistry to synthesize
high molecular weight liquid crystalline materials. This would further improve the order in
the fibers and maximize the efficiency of converting light directly to mechanical work.
While a few groups have explored electrospinning liquid crystalline materials,*>1° this
remains a challenge. The existing linear azobenzene liquid crystal polymers with low
molecular weight are difficult to be constructed into fibers through the unstable jetting
process.®® Lagerwall and coworkers tried to overcome this issue by using coaxial
electrospinning via phase separation to make a liquid crystal core with a support polymer
shell and found only irreversible contraction. They hypothesize that if the shell polymer
could be removed while keeping the liquid crystal elastomer core intact that electrospun
fibers could be used for actuation.® Thus, utilizing our Diels—Alder chemistry may provide
a route to electrospinning higher molecular weight liquid crystalline materials.

In conclusion, electrospinning would be an extremely interesting architecture to

explore for photo-actuation. Preliminary results show the formation of DASA-based fibers
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and photoactuation of a fiber/scotch tape bilayer. One could explore fabricating yarn fibers,
aligning nanofibers, and overcoming challenges with liquid crystal materials in

electrospinning.

5.2. Wavelength selective DASA-based actuator

One of the major advantages of donor—acceptor Stenhouse adducts is the synthetic
tunability of the absorption profile. For example, DASA 1-EM and DASA 3-IP have > 100
nm shift in the lambda max (Amax), as shown in Figure 5.8. To highlight the modular nature
of our Diels—Alder click chemistry and leverage wavelength selective photoactuation, future
work aims to use our click chemistry approach to access first- and third-generation DASA
materials. This method overcomes limitations of the previous functionalization strategies
that rely on chemically conjugating the donor or acceptor to the polymer backbone, limiting
overall modularity.?%? In addition, DASA formation in the final step on the polymer
backbone results in long reaction times, incomplete functionalization, and multiple post-
polymerization steps. In chapter 3 and 4 we synthesized third-generation DASA-PHMA and
azobenzene-PHMA, this work expands the maleimide toolbox by synthesizing a first-

generation DASA maleimide and first-generation DASA-PHMA polymer.
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Figure 5.8 UV/Vis spectra of first- and third-generation DASAs, demonstrating the tunable

absorption spectra.

In order to synthesize a first-generation maleimide, we utilized the synthetic route
shown in Scheme 5.1. Previous work in our group developed a synthetic route to a
Meldrum’s acid activated furan with exo furan-protected maleimide functionality.?°
Expanding on this work, we reacted the furan adduct with diethylamine in order to
synthesize a first-generation exo furan-protected maleimide DASA. To deprotect the
maleimide, we started with using the same solid-state deprotection conditions as the third-
generation maleimide (110 °C under vacuum). Instead of deprotection, this approach
resulted in decomposition. Next, we attempted a solution-state deprotection in toluene at
110 °C. Interestingly this did not produce the desired DASA maleimide. Instead, the major
product was a Meldrum’s acid activated furan maleimide as highlighted in green in Scheme

5.2. The reformation of the furan adduct is further studied in section 5.2.2.
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Scheme 5.1 Synthetic route to first-generation DASA maleimide utilizing different furan-
protected maleimides (exo, endo, R = H, or R = Me). Reaction conditions: (i) H2SO4, Ac20,
rt, overnight (ii) 1) NaOH, 2) HCI (iii) furfural, H20, rt, 15 hr (iv) EDC, DMAP, DCM, rt,

15 hr (v) 1 equiv. diethylamine, EtOAc, 10 min.
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Scheme 5.2 *H NMR spectra of a solution-state deprotection of a first-generation exo furan-
protected maleimide (top) resulting in Meldrum’s furan adduct maleimide (bottom). Pink
highlights DASA functionality, which is no longer present after deprotection. Green
highlights conversion of the exo furan-protected maleimide to maleimide. Blue highlights
the presence of furan adduct functionality, which was not previously present in the starting

material.

Based on these results, the exo furan-protected maleimide deprotection conditions
are not compatible with this DASA derivative. From here, we utilized different protected-
maleimides which undergo deprotection at lower temperatures. An exo dimethylfuran-
protected maleimide which undergoes deprotection as 80 °C resulted in both the desired
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product, first-generation DASA maleimide, and the undesired product, Meldrum’s acid
furan adduct maleimide. Finally, we utilized an endo furan-protected maleimide which
undergoes deprotection at 60 °C.?2 As shown in Scheme 5.3, using solution-state
deprotection, the major product is the desired first-generation DASA maleimide. To access
the endo furan-protected maleimide on large scale we relied on method recently developed
by Zhu.?® With first-generation maleimide in hand, using our Diels—Alder click chemistry
we synthesized first-generation DASA-PHMA, as shown in Scheme 5.4, which has a Amax at

540 nm.
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Scheme 5.3 'H NMR spectra of a solution-state deprotection of a first-generation endo

furan-protected maleimide (top) resulting in the major product of a first-generation DASA
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maleimide (bottom). Pink highlights DASA functionality. Green highlights conversion of
the endo furan-protected maleimide to maleimide. Blue highlights the absence of furan

adduct functionality in both the starting material and product.
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Scheme 5.4 *H NMR of first-generation DASA-PHMA. Red highlights the DASA

functionality from the maleimide to the polymer.

5.2.1. Tri-layer actuator design

With first-generation DASA materials in hand, we next need to do proof-of-concept
experiments with DASA blends. The proposed tri-layer actuator design is shown in Figure
5.9. The tri-layer design is based on previous work by Yang and coworkers, they
demonstrate a multidirectional actuator using liquid crystal elastomers and organic dyes

which were selected as three independent photothermal conversion fillers, which had sharp
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and almost non-interfered absorptions.?* The tri-layer will have a polyimide passive layer
with a first- and third-generation DASA material adhered to both sides. We hypothesize
upon irradiation with a 650 nm LED the actuator will result in downward actuation. This
will be the result of photothermal actuation based on the third-generation DASA, which is
highly absorbing at 650 nm, whereas the first generation does not absorb over 610 nm. In
contrast, upon irradiation with a 530 nm LED the actuator will result in upward actuation.
This will be the result of photothermal actuation based on the first-generation DASA, which
is highly absorbing at 530 nm, whereas the third-generation is not highly absorbing at 530
nm. The first approach to fabricate a tri-layer is shown in Figure 5.10. Overall, using this
approach we propose leveraging the tunable absorption profile of DASA to develop a
wavelength selective actuator. Upon successful proof-of-concept studies, future actuator
designs will leverage the conjugated first-generation DASA-based materials, in order to
minimize potential aggregation, while also leveraging wavelength selectivity as well as the

photoinduced property changes described in Chapter 4.
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Figure 5.9 DASA-based wavelength selective actuator design.
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Figure 5.10 Proposed trilayer fabrication using a film transfer technique.
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5.2.2. Reformation of the furan adduct: One decomposition pathway for

DASA derivatives.

While significant efforts have been undergone to study the photoswitching
mechanism of DASAs,>3! to the best of our knowledge, no decomposition pathways has
been presented to date. Herein, we report the first thermal decomposition pathway of
DASAs, resulting in reformation of the furan adduct. We explore the effect of temperature,
concentration, and substituents on the decomposition kinetics. We further show that after
reformation of the furan adduct, the furan adduct can be purified and reused. This expands
on previous work in our group as amine “catching” sensors,>? introducing a mechanism for
thermal “release”. In addition, thermal limits of materials are crucial to understand for

applications requiring high temperatures, such as photothermal actuation.

To better understand the decomposition pathway of DASAs shown in Scheme 5.2,
we used a first-generation DASA as a model compound, DASA 1-EM (Scheme 5.5). We
employed time-dependent *H NMR experiments to study the decomposition kinetics of
DASA under different conditions including temperature and concentration. At 115 °C in
toluene, DASA 1-EM showed near quantitative conversion to the furan adduct in three hours
(Scheme 5.6). We investigated the effect of temperature and found faster decomposition
Kinetics at higher temperatures as shown in Figure 5.11. In addition, we looked at
decomposition as a function of concentration and found slightly increased decomposition
with increasing concentration as shown in Figure 5.12. Computational work within our
group found that methyl substitution on the C5 position of the triene destabilized the closed
form (Scheme 5.7). Interestingly, we experimentally observed DASA 1-MM-C5 undergoes

decomposition to the furan adduct at room temperature and does not require elevated
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temperatures like DASA 1-EM. Upon synthesis, DASA 1-MM-C5 forms a highly colored
and crashes out of solution, similar to DASA 1-EM, upon precipitation and washing the
material turns orange/yellow and only furan adduct can be isolated. While the experiments
for DASA 1-EM were in toluene, due to the high boiling point, DASA 1-MM-C5
decomposed in chloroform at room temperature. Scheme 5.8 shows our proposed
mechanism of the reformation of the furan adduct. And finally, we found we can recover
pure starting material as shown in Figure 5.13. It is important to note that the solution is still
colored after the *H NMR reveals conversion to the furan adduct, owing to the high molar
absorptivity of DASA which can be misleading. Upon running the crude recycled material

through a silica plug, pure furan adduct can be isolated.

(0] (0] (o) 0
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(0] 0
DASA 1-EM
3 12 17

Scheme 5.5 First-generation DASA, DASA 1-EM, studied for decomposition to the furan

adduct.
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Scheme 5.6 Time-dependent *H NMR study of the decomposition of DASA 1-EM to the

furan adduct at 115 °C in toluene.
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Figure 5.11 Time-dependent *H NMR study of the decomposition of DASA 1-EM to the
furan adduct in toluene at different temperatures at 1mg/mL. *Taken at 0.5 mg/mL

concentration.
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Figure 5.12 Time-dependent *H NMR study of the decomposition of DASA 1-EM to the

furan adduct in toluene at different concentrations at 115 °C.
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Scheme 5.7 C5 substitution of DASA 1-MM-C5 lowers energy barrier for decomposition,

resulting in observable decomposition at room temperature.
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Scheme 5.8 Proposed mechanism of reformation of the furan adduct.
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Figure 5.13 Isolation of purified recycled furan adduct.

This work presents the first decomposition pathway of DASAs. We explored the
effect of temperature, concentration, and substituents on the decomposition kinetics. This
provides key insights into thermal limitations for DASA applications in solution. More work
needs to be done to explore decomposition in the solid-state. Previous work has shown
decoloration of materials at high temperatures, which we believe could be due to release of
the volatile amine.?° In addition, it may be possible to leverage substituents to tune the
decomposition temperature for applications to be able to “catch” and “release” amines at
moderate temperatures. This could be interesting for developing networks where light is able
to “lock™ a material in the closed form, whereas in the dark the material decomposes to its
starting materials, releasing amine.

5.3. Conversion of DASA to the closed form in the absence of light

In Chapter 3 we introduced a difference in deflection amplitude between the open
and closed DASA-based actuator. In addition, we discovered the photo-induced property
changes of DASA-based materials from the open to closed form, with a reduction in the
elastic modulus and glass transition temperature in Chapter 4. Another important parameter
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of photothermally induced actuation is having a difference in coefficient of thermal
expansion (CTE) between the active and passive layers. For instance, using the 10 mol %
DASA-PHMAV/PI bilayer, 10 mol % DASA-PHMA (open form) has a 9x larger CTE than
polyimide. While we were able to measure the CTE of the open form film, we were unable
to measure the CTE of the closed form because the measurement requires a 100 pm self-
standing film which requires long irradiation times and does not fully bleach. In addition,
the long irradiation time may result in photodegradation. It would therefore be beneficial for
us to be able to access materials with the closed form of DASA in the absence of light. In
this aim, we looked for different strategies throughout the literature for closing DASAs.
One strategy is using n-bridge substitution, Sampedro and coworkers showed they could
drive DASAs to the closed form based on the location of the substitution on the n-bridge.®3
While we were able to synthesize a third-generation substituted DASA using the synthetic
route shown in Scheme 5.9, the resulting DASA could not be purified resulting in an orange
solution. We were able to confirm the closed form by *H NMR (Scheme 5.10) in the
absence of light. Unfortunately, we found the compound was stable in methanol and not

chloroform, which was not compatible with our click chemistry reaction.
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Scheme 5.10 *H NMR of a third-generation z-bridge substituted DASA in methanol-d.

The next approach we utilized to access the closed form of DASA in the absence of
light was based on work by Sameh Helmy in our group.3* He investigated using different

additives to drive the open form DASA to the closed form using DMAP, DABCO, and
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PPhs. These results demonstrated that using one equivalence of either DMAP, DABCO or
PPhs in acetonitrile at 75 °C for 3 hours resulted in the closed form. Based on these results
we wanted to investigate if we could use these conditions to isolate closed form polymer
material. Based on the optimization in Table 5.1, we found upon 2 equiv. of DMAP in
toluene at room temperature resulted in closed form 1 mol % DASA-PHMA. Some
advantages of DMAP compared to PPhs include DMAP is soluble in methanol which is
ideal for precipitation purification of DASA-based materials and the isomerization takes
place at room temperature. Furthermore, based on optimization Table 5.2 on the small
molecule DASA 3-1P, we found that the reaction between DMAP and DASA was not
catalytic. We hypothesize the basic DMAP is shifting the equilibrium to the closed form.
The closed form is confirmed by *H NMR as shown in Scheme 5.11. The next step was to
switch DASA-based material to the closed form and isolate it prior to thermal recovery to
the open form. To do this the DMAP had to be fully removed in one single precipitation as
redissolving the material in DCM would stabilize the open form. We first tried using
DMAP-functionalized beads, but this resulted in displacement of the indoline donors of
DASA. We next tried adding a few drops of concentrated HCI into the stirring methanol.
Upon precipitation the material was initially pale, but quickly equilibrated back to the open
form while stirring upon removal of DMAP as shown in Figure 5.14. We found if we only
allowed the solution to stir for 2 minutes, partially closed DASA material could be isolate
while additional stirring results in the open form material as shown in Figure 5.15. In

conclusion, using DMAP we were able to isolate partially closed DASA-based materials.
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Table 5.1 Optimization of chemically driving 1 mol % DASA-PHMA to the closed form.

Trial Catalyst | Solvent | Temp | Time | Crude results
1 (Sameh’s PPhs MeCN 75°C | 3hr Bad solvent, dark blue
conditions) (2 eq) 24 hr | polymer ppt
2 PPhs Toluene | 75°C | 3 hr Blue

(2eq) 24 hr | Brownish-yellow material
3 DMAP Toluene | 75°C | 15 Brownish-yellow

(2 eq) min material
4 DMAP | Toluene | RT 1hr Brownish-yellow

(2 eq) material

Table 5.2 Investigating the effect of different equivalence of DMAP on the equilibrium of

DASA.
Trial | Catalyst | Equiv. | Solvent | Temp [ Time [ Crude results
1 DMAP 1 CDCls RT 1.5hr | 80% closed
2 DMAP 0.25 CDCls RT 1.5hr | 30% closed
3 DMAP 0.05 CDCls RT 1.5hr | Very little change
4 DMAP 1.25 CDCls RT 1.5hr | 98% closed
5 DMAP 1.5 CDCls RT 1.5 hr | 99% closed

208




DMAP, rt
1.5h, CDCl,
Equivalents of DMAP . &
MS_2_dasa3smal ule
Oeq
Ms_2_171-C.5-1
0.05 eq
1
Ms_2 171 B 25
0.25 eq
Ms_2_171 A 10 r 3
1eq
1 |
] X 3 e C

5654525048 4644 42 40 3.8 36 3432 3028 26242220181614121008060402
Chemical Shift ;ppm,

Scheme 5.11 *H NMR confirmation of the closed form with increasing DMAP in

chloroform-d.
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Figure 5.14 Upon precipitation into acidic methanol in an ice bath, the closed-form (top)
quickly began equilibrating to the open form while stirring and could be isolated at room

temperature (bottom).

Figure 5.15 Upon precipitation at 0 °C into acidic methanol with two minutes of stirring,
partially closed material can be isolated (left). Upon additional stirring (~ 15 minutes) the

material equilibrates to the open form (right).
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5.4. Conclusion

This section concludes and summarizes this dissertation titled “The Synthesis and
Development of Photo-Actuating Materials using Organic Photochromes.” The question that
motivated this work is how to convert light directly into actuation using organic
photoswitches. To accomplish this goal, we moved beyond traditional chromophores to find
photoswitches whose optoelectronic properties are optimized for a given scenario. Among
these, donor—acceptor Stenhouse adducts (DASAS), which were introduced in Chapter 1, are
especially promising due to their negative photochromism, tunable absorption profile, and
large volume change. To incorporate DASAs into photo-actuating materials a better
understanding of the photophysical properties is crucial, as well as understanding the
concentration dependence. In this effort, we explored the concentration dependence and
effect of ionic character on DASASs in Chapter 2. Second, developing a high efficiency
photoswitch is not sufficient to make a viable photo-actuating material. Once such a
molecule is incorporated into a solid matrix, numerous factors can affect its ability to react,
including polymer matrix and photochrome density. We need robust, scalable, and efficient
methods to access a range of DASA-based materials and actuator designs to evaluate
actuation performance. In Chapter 3, we demonstrated a synthetic platform to chemically
conjugate DASA to a load-bearing poly(hexyl methacrylate) (PHMA) matrix via
Diels—Alder click chemistry that enables access to DASA-based materials on scale. By
leveraging the ease of fabrication of a bilayer design, we developed a tunable, visible light-
responsive bilayer actuator driven by the photothermal properties of DASAs. Further, we
investigate the influence of the host matrix on the photothermally-driven actuation

performance of DASA-based polymers in Chapter 4. We designed polymeric materials with
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varying photochrome incorporation and investigated the relationships between material

composition and the resulting physical, mechanical, and photoswitching properties. This

study led us to the light-induced property changes in Tq and elastic modulus between the

materials comprising the open or closed forms of DASAs. Directions for future studies in

Chapter 5 include exploring DASA-based nanofibers using electrospinning, leveraging the

tunable absorption profile of DASA by wavelength-selective actuation and developing

control closed form materials.
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