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Abstract

Azobenzene is a widespread photo-switch that has been used extensively in many
fields. However, there are a number of nuances that have deterred researchers from
implementing it into aqueous systems; namely its inherent hydrophobic character and its
abnormal isomerization behaviour in water. This has drastically hindered progress
towards its application in biological settings. In this work, the subtle intricacies of the
photodynamics of azobenzenes derivates in water are stringently analyzed. Using
experimental data and computational methods, viable strategies to predict the photo-
isomerization characteristics of azobenzene derivatives in water are presented. As a proof
of principle, one of the derivatives was also implemented into DNA-based
supramolecular fibres. By meticulously altering the placement and orient of the
azobenzene motif on the DNA strand, its influence on the self-assembly process of the
material could be divulged. This sheds light on the influence organic and photochromic

molecules can have on self-assembly process and the resulting soft-bonded materials.
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Resume

L'azobenzene est un photocommutateur répandu qui a été largement utilisé dans
de nombreux domaines. Cependant, il existe un certain nombre de nuances qui ont
dissuadé les chercheurs de I'implémenter dans des systémes aqueux; a savoir son
caractere hydrophobe inhérent et son comportement d'isomérisation anormal dans I'eau.
Cela a considérablement entravé les progres vers son application dans les milieux
biologiques. Dans ce travail, les subtilités de la photodynamique des dérivés
d'azobenzéne dans I'eau sont rigoureusement analysées. A I'aide de données
expérimentales et de méthodes de calcul, des stratégies viables pour prédire les
caractéristiques de photo-isomérisation des dérivés d'azobenzéne dans I'eau sont
présentées. Comme preuve de principe, ['un des dérivés a également été¢ implémenté dans
des fibres supramoléculaires a base d'ADN. En modifiant méticuleusement le placement
et l'orientation du motif azobenzeéne sur le brin d'ADN, son influence sur le processus
d'auto-assemblage du matériau pourrait étre divulguée. Cela met en lumiére l'influence
que les molécules organiques et photochromiques peuvent avoir sur le processus d'auto-

assemblage et les matériaux a liaison souple qui en résultent.
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Chapter 1: Introduction

Evolution has proved that the best materials are those that adapt to their
surroundings and not those that are confined to the characteristics of their initial creation.!
3 With this in mind, materials scientists are currently striving to develop devices that
accommodate societies’ needs while simultaneously adjusting to their daily habits or
mishaps. These so-called “smart-materials” are materials that respond to external stimuli
and give rise to a subsequent state and, consequently, enable dual functionality. These new-
age materials can be responsive to a multitude of environmental conditions, such as pH,

heat, electric fields, or even light.**

Amidst the development of these new materials, researchers must be wary of a new
necessity in material science: green chemistry. In today’s society state-of-the—art materials
are those that exploit renewable resources and make use of greener processing
techniques.”® Supramolecular chemistry is an elegant tool to develop green materials
through the process of self-assembly, as the final products are not covalently bound. This
allows the formation and degradation of the material via low energy processes.’
Additionally, the lack of covalent bonds makes these sophisticated systems extremely
sensitive to external stimuli — some notable examples include: supramolecular polymers,
molecular machines, and induced dissipative states. Water is an ideal green solvent for
these systems, as it promotes fundamental thermodynamic phenomena (such as the
hydrophobic effect) and can facilitate the formation of soft-bonded systems through non-
covalent interactions (such as hydrogen bonding). Furthermore, an inherent advantage to

aqueous-based systems is that it improves the biocompatibility and recyclability of the



material>® In this context, light is an attractive stimulus for these devices because — in
addition to many other advantageous properties — it is an inherently green source of energy.
In the field of supramolecular chemistry, light induced isomerizations have an added
advantage of being fully reversible.!®!! These photo-isomerization processes promote
changes in the conformation, dipole, or even acidity, of the building blocks of self-
assembly processes, drastically impacting the overall product; for example, a common
feature is light induced self-assembly or disassembly. Additionally, when implemented
into the final product of these systems, materials arise with fascinating properties, such as

light induced birefringence!? or actuation.'?

1.1 Azobenzene

1.1.1 Photodynamics of Azobenzene

Azobenzene (azo) is the most exhaustively studied photo-switch to date and for
good reason: it offers near-quantitative isomerization and can be cycled thousands of times
with degradation.!>!# Trradiating trans azobenzene with light (365 nm for an unsubstituted
azo) yields the less stable cis isomer (Figure 1.1). The isomerization process invokes a
change in the structural geometry of the molecule and, additionally, a change in its dipole
moment. The trans isomer can then be re-obtained by a subsequent irradiation from of a
different wavelength, or via a thermal relaxation process. This thermal isomerization

process follows first order kinetics and is therefore quantified with a half-life. !3-1°

More specifically, trans azobenzene displays a lambda max at about 330 nm

(depending on the solvent) associated with the n-n* transition. It also displays a significant



absorption at about 440 nm (again solvent dependent) which can be attributed to the n-m*
transition. On the other hand, cis azobenzene has strong absorption energies at ~290 nm
(m- ©*) and ~425 nm (n- «*). The fact that the n-n* transitions of the two isomers are not
degenerate in energy is the key to the isomerization process for azobenzene. Irradiation
with ~330 nm UV light shifts the equilibrium towards the cis isomer, as excited electrons
can relax to either the cis or frans state. Should the electrons relax to the cis state, they will
be locked in this metastable position and are less likely to interact with the incoming light.
Contrarily, if the electrons relax back to the original frans state, they will be excited again
by the irradiation and the cycle repeats. Thus, the equilibrium shifts towards the cis isomer.
Subsequent removal of light will re-initiate the trans form via the thermal relaxation

process. !4

The exact mechanism of the isomerization process can be quite elusive and varies
from system to system. For example, in some aqueous systems the mechanism of the
isomerization process is hypothesized to be cyclical: such that the trans-to-cis
isomerization involves a rotational mechanism, whereas the cis-to-trans thermal relaxation
involves an inversion (or concerted rotational-inversion) mechanism (Figure 1.1).!¢ Other
authors have shown evidence that the process may be occurring through a protonated
species, such as the case of acid catalyzed cis-trans isomerization.!”!8 As such, the pathway
for the isomerization process can be highly dependent on the solvent, azobenzene
derivative, or even the local environment of the photochrome. It should be noted that the
optimal mechanism of the cis-to-trans isomerization process is directly related to the

energy landscape associated with the configurations of the cis molecule and conversely,



largely influences the thermal relaxation process (or half-life) associated with the

molecule.

Figure 1.1. Photo-isomerization of azobenzene with the proposed transition states. The
rotational mechanism is shown on the top and inversion on the bottom. Authors have
suggested that in some aqueous systems the isomerization process may be cyclic, opposed
to a reversible linear process.

One of the most important aspects when working with azos is the rational design
of the photochrome. By altering the substituents around the phenyl ring the photo-dynamics
of molecule can be drastically tuned. For convenience, azobenzene derivatives are typically
categorized into three types: azobenzene type, amino-azobenzenes, and pseudostilbenes
(Figure 1.2). Azobenzene type azos have mildly influencing substituents, such as alkyl
groups. As such, the characteristics of these azos are very similar to that of the parent

azobenzene compound. A strongly influencing electronic group in the para position, such



as an amino or nitro group, characterizes amino-azobenzenes. Note that they are also
sometimes referred to as “nitro-azobenzenes”. These amino-azos typically have red-shifted
absorption spectra and have an intermediate half-life. Pseudostilbene azos are also referred
to as “push-pull” azobenzenes. These azos have an electron-donating group on one end and
an electron-withdrawing group on the other end. This leads to a very red-shifted absorption
spectrum. Contrary to azobenzene type azos, the addition of these substituent groups
typically enhances the water solubility of these compounds. However, it has been noted
that the half-life of these molecules is also drastically decreased, especially in polar

solvents.

Over the past decade, many groups have explored the synthesis of a new class of
azobenzenes: ortho-substituted azos. In particular, the groups of Dr. Andrew Wooley &
Dr. Stefan Hecht have designed di-ortho and tetra-ortho substituted azobenzene with half-
lives that span the range of months to years.!>?* Of these, the most studied are tetra-
halogenated azobenzenes because they are less prone to photo-bleaching and their
syntheses are less complex. The Barrett group has also synthesized a fully fluorinated
azobenzene via a one step synthesis that displays similar properties.?! Regardless,
substituents in the ortho position all appear to stabilize the cis isomer and subsequently
increase the half-life of the molecule. It is believed the added bulk associated with these
groups retards the isomerization process through steric hindrance. Many groups have
validated this via computational methods.?>?? These derivatives also drastically red-shift
the isomerization process as the n-orbital of the cis and frans isomer are no longer
degenerate in energy; the halogen groups are believed to stabilize the n orbital through an

inductive effect when in the frans configuration. This allows the isomerization process to



occur with visible light by probing the n- n* transition. Additionally, the steric bulk that is
introduced also leads to more accessible volume in the isomerization process, allowing
these photochromes to isomerize in environments that may inhibit the process.?!*?> For
example, the aforementioned fully fluorinated azobenzene designed by Barrett and co-
workers can isomerize in the solid state when crystals of the cis isomer are irradiated. This
is a strategy that could be exploited in solution when macromolecules inhibit the

isomerization process of the azobenzene.

Azobenzene Type
N . :
N R: alkyl, halide, keto, ester,
’ \ \N amide, etc
[
R
Amino Type (or Nitro Type)
N R: ami itro, hydroxy, etc
N amine, nitro, hy Y,
| X \N
[
W/D

Pseudostillbene Type (or “push-pull”)
D: amine, hydroxy, etc

W: nitro, caroxylic acid, etc

Ortho-subsituted

X: halogen, alkoxy

X oo b

Figure 1.2. The various types of azobenzenes and their classifications. In the literature, 3
common types are typically discussed: azobenzene, amino, and pseudostilbenes. Recently,
a fourth category of ortho-subsituted azos has been developed.



1.1.2 Azobenzene In Aqueous Media

Despite its formidable potential traits, the use of azobenzene in aqueous media has been
hindered. This can mainly be attributed to two main features: inherent solubility issues that
arise from the azo core structure, and the abnormal photo-switching behaviour that is
observed when working in aqueous environments - specifically, the drastic decrease in the

half-life of the cis isomer.!%-*

In aqueous media, an anomaly compared to other solvents is
the rapid thermal re-isomerization of the cis isomer. Indeed, the effect is so large it leads
to the discussion of whether certain azos are even capable of isomerizing in water. Recent
experiments with ultrafast pump-probe absorption spectroscopy have shown they do, and
display half-lives on the hard-to-observe ultra-fast picosecond time scale.?* As such, this

decreased stability has often deterred the application of azo in many aqueous based devices,

whether they are for medicinal or environmental purposes.

Another aspect that must be considered when working in aqueous systems is the pH and
counterions in the system. It has been known for a long time that highly nucleophilic and
electrophilic molecules can catalyze the thermal relaxation process.!”->>2¢ More recently,
groups have re-evaluated the notion of salt-based catalysis and how this intertwines with
the acid catalysis mechanism. From these works, it is evident that the pH of a solution and
the counter-ions in solution can significantly affect the half-life of the cis isomer,
decreasing the activation energy by as much as 25 kJ/mol.'®!827 However, this change can
also be highly specific to the azobenzene derivative in solution.?®?* For the most part, it is
speculated that this catalytic process can be attributed to the formation of a cis-azonium
cation, which undergoes a rapid thermal relaxation to the trans form via a rotation

mechanism.



Figure 1.3 presents the proposed mechanism for the acid catalyzed thermal relaxation
process. As shown, protons (or other counter-ions) can form an azonium cation, which
decreases the double bond character between the nitrogen atoms and facilitates the rotation
to the frans state. As shown in Figure 1.3, intramolecular proton exchanges are also quite
prominent in these species and, as a result, azobenzenes with strong electron donating

groups are prone to acid catalysis.!6!®

A subtle characteristic that adds to the catalytic
process is the fact that the frans azonium ion typically has a lower pKa than the cis azonium
ion; thus, enabling the rapid deprotonation of the frans isomer. For example, for 2-hydroxy-
5-methylazobenzene the pKa of the cis-cation and frans-cation are 2.9 and -1.5,
respectively.’® Conversely, it has been demonstrated that the presence of hydroxide ions
can decrease the isomerization rate by inhibiting the aforementioned protonation of the cis
isomer.?> However, some substituents can also promote a base-catalyzed isomerization

process as these functional groups stabilize “quinoid-like” structures that also decrease the

double bond character.'®
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Figure 1.3. Mechanism of the catalytic rotational cis-to-frans isomerization (top) and
examples of substrates that can facilitate this process (bottom). The effect and magnitude
of these interactions varies based on the azo derivative.

Similarly, metal ions have been noted to catalyze the isomerization process, however,
sometimes via a different mechanism. Cu?* has notably demonstrated catalytic activity
through a chelation mechanism similar to that of acid catalysis.?® Recently, certain azo dyes
— the commonly used methyl orange and methyl yellow — have shown catalytic activity in
the presence of alkali salts.?® From this work, the authors have deduced the following: 1)
Cations can sufficiently decrease the double bond character of the azo group via
electrostatic interactions 2) Solvation of the ions effects these interactions: larger cations
are better catalysts due to a decreased solvation, whereas anions can decrease catalysis
through ion pair association 3) Weakly acidic anions can inhibit the catalysis by decreasing

the H" concentration. Despite all these finding, more work in this regime to fully elucidate



the mechanism behind salts effect is needed, as discrepancies between azobenzene

derivatives are not fully understood.?% 28

Another aspect that researchers must be wary of is the irreversible degradation of
azobenzene in reducing environments. Many reducing agents, such as hydrazine hydrate
and sodium dithionate, are known to irreversibly cleave the azo double bond yielding
aniline.!” Of these, sodium dithionate is by far these most commonly used and many
authors have conducted studies to optimize the structure of azobenzene for this process.?!-3?
In short, these findings conclude that cleavage of the N=N bond is more favourable in azos
with electron donating groups. Although typically viewed as an unwanted reaction,
recently, many researchers in the field of bioorthogonal chemistry have exploited this
reaction to design hypoxia-stimulated materials. By targeting the hypoxic
microenvironments of cancer cells Fang et al. designed cleavable azobenzenes that are
activated in vivo, creating new materials for cancer diagnostics.’® However, because these

microenvironments are difficult to replicate, the mechanism for the hypoxia-mediated

reduction of azobenzene is still unclear.

Despite these shortcomings, many research groups have devised elegant strategies to
overcome the obstacles associated with aqueous azobenzene systems. Another strategy
involves coupling the photochrome with other water-soluble macromolecules, which
conveniently alleviates issues associated with the water solubility of the molecule. More
interestingly, implementing azos into these systems has a distinct effect on the molecules
local environment, altering its photodynamic behaviour. This strategy will be discussed

further in section 1.2.4.
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1.1.3. Pump-Probe Spectroscopy

As noted previously, one of the most challenging issues when working with
azobenzenes in aqueous systems is the fast thermal relaxation rate. That is, the cis isomer
is so short-lived that its presence cannot be verified by typical linear spectroscopic
methods. Therefore, for extremely fast-switching azos non-linear spectroscopic methods
are necessary to observes the cis isomer and quantify the thermal relaxation rate. One

example, is pump-probe spectroscopy.

A typical pump-probe optical set up is shown in Figure 1.4.

Probe Laser

oD
Filter Photodiode

Detector

Sample

Chopper

\/

Data

Pump Shutter Acquisition
Laser

Figure 1.4. Example of a minimalistic optical setup for pump-probe spectroscopy. Here
two laser sources are used to independently instigate the pump and probe beams.

By using two different optical sources samples can be simultaneously excited (pump) and

monitored (probe). The above technique can be used to quantify the half-lives up to the
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microsecond timescale. However, it should be noted that the time constant between the
pump and probe could also be determined by altering the path length of two sources of

light. In these optical setups species can be observed on the femtosecond timescale.?*

For azobenzene, a key criterion is to have a strong pump source, such that a sufficient
portion of the molecules isomerizes. For example, Dunn et al. estimate that an optical setup
with a 355 nm laser with an output energy of 3 mJ/pulse when operating at 1 Hz can
isomerize approximately 10% of the molecules.!® Increasing the pulse time or the power
of the laser would conversely increase this percentage. However, over irradiating the
sample may also lead to photo-bleaching or thermal heating.* This can easily be controlled
by tuning the pulse time or by using a variable neutral density filter to alter the light
intensity. Regardless, the key role of the pump laser is to excite the system into a secondary
state. Simultaneously, a probe laser must be monitoring the system. For many systems, this
can be done by continuously monitoring the sample at a specific wavelength. In the case
of azobenzene, it is particularly important to keep the intensity of this laser low, to inhibit
the formation of a photo-stationary state.!® Also, monitoring at a wavelength associated
with an absorption peak can be advantageous to ascertain a greater change in the signal and

a better signal-to-noise ratio.
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1.1.4 Computational Predictions of Azobenzenes

Computational predictions of azobenzene derivatives typically aid in the rational
design of photochromes with regards to two fronts: predicting the excitation spectrum of
the molecule or determining the thermodynamics associated with the isomerization
process.**3% Accurate prediction of the absorption spectra of the derivative enables
researchers to determine which wavelengths of light would be suitable to instigate the
photo-isomerization process. Additionally, gaining insight into the energetics of the photo-
isomerization can help determine the half-life of the cis isomer and elucidate the

mechanism of the isomerization process.

The first step in these methods is to determine the ground state energy of the trans
and cis isomer.>* By using ab initio methods the optimal geometry of the orbitals and atoms
can be determined. One of the most standard approaches is through the use of density
functional theory (DFT). Here, the nuclei of the molecule are fixed and the energy of the
system can be modeled using a time-independent Schrodinger equation. The total energy
of the system is evaluated as a functional of the electron density, a simple function of three

coordinates.

Ground state DFT calculations immediately give researchers insight towards the
energy and geometry differences between the cis and trans isomers, and subsequently an
idea of the half-life, differences in excitation energies, and other metastable configurations.
However, it should be noted that many factors can influence the thermal relaxation and,
ultimately, the energy of a proposed transition state is optimal to estimate the experimental
half-life. This will be discussed further later. Nevertheless, ground state energy calculations

help to build the energy landscape of the azobenzene and have had particular merits in
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developing azo derivatives. Indeed, some of the first synthesized ortho-substituted were

guided by computational techniques.! 23

In many computational studies it has been noted
that ortho-substituents instigate a non-planar structure in the trans isomer, which drastically
effects the energy and quantum yield of the n- 7* transition.!” Similarly, it has been noted

that many ortho-substituents can decrease the energy of the cis isomer, which should

theoretically increase the thermal stability of the molecule.?’

Once the ground state geometries have been determined, many authors have used
time dependent-DFT (TD-DFT) to predict the wavelengths associated with the n-n* and -
n* transitions in organic solvents.?**> For example, Konrad et al. were able to accurately
predict the splitting of the n-n* transition energies in the cis and frans isomer of novel
ortho-substituted azobenzenes.?> Thus, they were able to accurately design novel
azobenzene derivatives that could be applicable in biological settings due to their ability to
isomerize with deeply red-shifted light. In a fairly recent review, Adamo and Jacquemin
provide a very thorough explanation of TD-DFT and its underlying principles.’® One
particular aspect that should noted is the exact energy that is calculated from these TD-
DFT calculations. As shown in the Jablonksi diagram in Figure 1.5, there are many
methods to measure the energy differences between a ground state and an excited state. For
example, E*9 relates to the true energy difference between the ground state and excited
state in a system that is not influence by any heat transfer (hence adiabatic). However, in
practice the energy of electrons in a molecule follow a distribution, due to thermal
fluctuations, and are not confined to a single energy. For this reason, the energy difference
shown in blue in Figure 1.5 (Evetabs°) ig typically used to approximate the Amax of a given

transition. £Y°-3%° ig termed the idealized (or vertical) absorption energy and relates to the
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difference between the ground state and an excited electronic vibrational state. It is so
named because the transition is purely vertical, in that the electron would transition
‘straight up’ in the diagram to a vibrational state with sufficient orbital overlap. However,
experimental processes are not typically purely vertical and for this reason, the idealized
absorption energy is an estimation of the Amax. Nevertheless, the accuracy of this approach

has proven to be adequate for many systems.!'®>4!

In these calculations, special consideration is also taken into the effects of solvents.
As noted previously, in many systems solvent-solute interactions can drastically influence
the excitation energy of electronic transitions. As such, TD-DFT methods have been
developed to account for these differences. The most common, and simplest, approach is
to use an implicit solvent model. In this model, the solvent is treated as a continuum and
estimated with a dielectric constant. While this method is convenient it fails to represent
subtle solvent-solute interactions that may be occurring on the atomic scale. Thus, explicit
models that implement individual water molecules have seen increasing interest despite the

added computational requirements.>”
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Figure 1.5. Jablonski diagram of the excitation of electrons from the ground state to an
excited state. It can be shown that multiple methods can be used to measure the energy
difference between the two states.>

As mentioned previously, the exact mechanism of isomerization process can be quite
elusive, however, has a large impact on the thermal half-life of the cis isomer. Ab initio
quantum mechanic calculations enables authors to build the energy landscape associated
with potential cis and trans azobenzene derivatives. This gives insight into the exact energy
differences associated with the cis and trans isomers and, also, other hypothetical

molecular configurations that may also be occurring.?”-*® However, these ab initio methods
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are limited to determining the ground states of the molecules. Therefore, additional
methods that implement transition state energy optimizations can provide even more
insight into the system. For example, the Quasi-Newton Synchronous Transit-Guided
(QST3) method developed by H.B. Schlegel and co-workers helps accurately determine
the free-energy associated with the transition state and, conversely, the activation energy

of the reaction. In this way, a hypothetical half-life of the cis isomer is determined.?*-#!

Although the results of these computational experiments are promising, little work has
been done to implement these calculations in aqueous systems. While authors have noted
the stark differences in computational (and experimental) results in organic solvents, water
is typically not compared.***># The necessity to validate theoretical results with
experimental results presents a large barrier as determining the photodynamics of azos in
water is not always straightforward. Still, there is great potential for this work as many

biological applications that could implement azobenzene are based on aqueous systems.

1.2 DNA Nanotechnology & Supramolecular Polymers

1.2.1 DNA Origami & DNA Nanostructures

The advent of automated oligonucleotide syntheses has ushered in a whole new
ensemble of technologies.** The automated DNA synthesis process revolves around
synthesizing a DNA base that has a 4-4’-dimethoxytrityl (DMT) protected oxygen on one
end and a phosphoramidite derivative on the other. This allows for fully automated control
of the single stranded DNA (ssDNA) sequence. Not only does this allow researchers to

mimic the sequences produce by biological systems, it also enables them to create novel
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sequences that can be implemented into complex structures with a high degree of

specificity. One key example is DNA origami. >

A large effort has go into understanding and controlling the geometry of DNA
strands.*”* The infamous “photo 51> first eluted the helical nature of DNA. While this
intricate geometry gives rise to many fascinating properties, such as chirality, it also poses
a complex framework for creating basic Euclidian shapes, such as cubes or tetrahedrons.
Strict attention must be paid to the turning of DNA base pairs in order to properly control
DNA helices. For example, a full 360° helical turn incorporates approximately 10.5 base
pairs.* This gives rise to the formality of working with base pairs in multiples of 21, or
two helical turns. In a lattice where the helices are arranged in a hexagonal lattice, the first
three crossover points to the neighbouring helices would be achievable at 0, 7, and 14 base

pairs (Figure 1.5).
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Figure 1.6. Reduced representation showing cross sections of the crossover points in a
DNA helical lattice. As shown, the first three crossovers to adjacent helices are possible at
0(330°),7(90°), and 14 (210°). These crossovers are also available again after the addition
of 21 base pairs.

This stems the bases for DNA origami, however other lattice types have also been

explored.*>** By accounting for the natural turns occurring in these structures favourable
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geometries can be hypothesized. This allows for a controlled self-assembly of 2 and 3

dimensional shapes by tuning the number of base pairs in a single strand of DNA. 4%

In more detail, DNA origami incorporates designing DNA ‘staple’ strands to fold
ssDNA sequences into specific geometries. Specifically, one long strand of DNA
backbone is obtained either from bacteria or some synthetic process. Staple strands are
then designed that are complementary to two locations of the DNA backbone. This
enables the DNA backbone to fold on itself and create a two-dimensional structure.
Through this concept a wide variety of 2- dimensional (2D) and 3-dimensional (3D)
nanostructures have been formed.>! Note that this process relies on the principle of self-
assembly: the components on the system arrange themselves to optimize the energetics
associated with the conformations of the molecules and non-covalent interactions.** As
hydrogen bonding and the hydrophobic effect are large contributors in DNA duplex
formation, the same factors are crucial in DNA nanostructure formation. Indeed, specific
control of the structures formed can be obtained, however, they are typically susceptible
to thermal degradation at relatively low temperatures.>? Some other drawbacks to existing
DNA origami systems are that they require a large number of nucleotides and have poor
yields, making them inadequate for industrial use.** Homogeneity in these systems is also

hard to control, due to defects easily formed in the structures.>

One strategy to improve the viability of DNA nanostructures is the incorporation
of synthetic organic molecules units into the ssDNA.3*>° In this strategy a small organic
molecule is used instead of a DNA base pair in the automated synthesis process. As such,
this analogously revolves around synthesizing a diol molecule that has a DMT protected

oxygen on one end and a phosphoramidite derivative on the other. This has proved to
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promote the self-assembly of these nanostructures, leading to higher yields and a decrease
of defects. It also decreases the number of nucleotide bases needed in these systems, giving
rise to more efficient ‘minimalistic structures’.’® The choice of the polymeric unit has a
large effect. Rigid organic linkers, through the use of rings or conjugated systems, provide
more strict conformations then flexible systems. Furthermore, the placement and geometry
of the organic linker will have a profound effect on the 2D structure that is obtained.>*>
This is a direct consequence of the fact that DNA base pairs turn in a helical fashion oppose
to being linear. This however can be taken advantage of to acquire a wide variety of 2D
shapes, with varying numbers of DNA strands. The simple modification of the organic
linker’s placement - or the number of base pairs - in a DNA strand can yield squares, circles
or linear aggregates, which consist of dimers, trimers, or polymers.>* The majority of
examples show organic linkers inserted directly into the DNA backbone. This results in no
overall change in the orientation of the DNA base pairs. That is, they are all aligned in the
same orientation, 3’ to 5°, or 5’ to 3’. Methods have been proposed that would insert an
organic linker at only the 5’ ends of DNA strands, resulting in an asymmetric linear
molecule. Similarly, insertion of organic linkers at the 3” ends of DNA is also possible.>’
The formation of DNA duplexes is orientation dependent such that single strands oriented
ina 5’ to 3’ fashion will only hydrogen bond to a complementary strand oriented ina 5’ to

3’ fashion. % This selective supramolecular bonding gives rise to a whole new arsenal of

DNA self-assembly products.
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1.2.2 Supramolecular Polymers

A further step to optimize the self-assembly of DNA nanostructures is to move
away from the concept of DNA origami itself. Many authors have demonstrated that
supramolecular polymers are an efficient method to build higher ordered nanostructures.
In these systems, monomers are designed to interact with themselves through non-covalent

interactions to promote aggregation.>8-6!

A complex issue with supramolecular polymers is the unique thermodynamics that
arise in these systems.®? It has been suggested that the chemical instability of these systems

is due to the lack of enthalpic gain.6%%3

A consequence of this is a system that
thermodynamically dominated by entropic effects. Supramolecular polymers display a
unique elongation temperature, above which depolymerization of these materials occurs.
These temperatures are specific to the system at hand and have a large dependence on not
only the types of interactions between monomers however, in addition, the solvent. For
example, a supramolecular polymer that utilizes hydrogen bonding to bind monomers
would see an even lower enthalpic gain in aqueous systems due to the competitive
hydrogen bonding occurring with water molecules.! Similarly, the hydrophobic effect also
plays a large role in these systems and will vary based on the size of aggregates formed,

ions in solution, and solvent choice. All these specifications lead to materials that require

fragile conditions for synthesis.

A distinct contrast from covalent polymers is the concept of a fluxional monomer.®3
Due to the weak bonding interactions occurring between monomers the polymers formed
present a higher degree of instability and fluidity. This leads to a more dynamic system

with pathway complexity in the polymerization process. Pathway complexity also presents
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issues in covalently-bound polymers as well. This underlines commonly addressed
imperfections such as polydispersity or tacticity.’! The difference in supramolecular
systems is that these changes are no longer permanent. Thus, the polymerization process
can exhibit self-correcting behaviour leading to fewer variations in the final product.®* This
fluxional monomer also leads to a polymerization mechanism that is sensitive to external
forces such as changes in pH, temperature, or even solvent.%® Indeed, due to their labile
interactions, supramolecular polymers provide a unique platform for stimuli responsive
materials. By using monomers that are responsive to external stimuli, systems have been
developed that respond to light, heat, and even pH.%6-68 Contrary to typical covalently
bound polymers, these materials have the added advantage that they can easy assemble or
disassemble with lower amounts of energy. As such, many systems have been designed
that spontaneously aggregate or degrade when probed with external stimuli.®® Furthermore,
the materials formed typically also display a relatively low Young’s modulus. Therefore,
actuation or other deformations can be easier to implement in these systems. In particular,
many authors have displayed the concept of photo-actuation in these systems by
implementing photo-responsive molecules.’”® A primary example is shown in Figure 1.6

below.
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Figure 1.7. An example of a supramolecular system that can have induced photo-actuation.
(a) The assembled supramolecular polymer and its photo-actuation. (b) the isomerization
process of the photochrome. Here the molecule switch has similar properties to
azobenzene: isomerization of the molecule leads to a metastable secondary phase, which
subsequently undergoes a thermal relaxation to thermodynamically stable state.

Here, a molecule is designed that will naturally assemble onto itself in aqueous media due
to the hydrophobic effect. By implementing a photochromic motif into the molecules core
the product of the self-assembly process displays photo-responsive attributes. In this case,

irradiation leads to macroscopic actuation of the material due to the concerted rotary

motion of the monomers.

Despite their rigorous specifications, supramolecular polymers are an abundant
material in our everyday lives. Nature commonly employs these materials and takes
advantage of the vast properties they exhibit.®%¢7-¢> Many biological processes in our body

rely on the self-organization of these molecules.”” How do these systems overcome the
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fragile nature of self-assembly? Can these examples contribute to synthesizing more robust
supramolecular polymers? DNA is an example of such a material and offers a versatile

platform for designing novel supramolecular polymers and studying their properties.

1.2.3 DNA-based Supramolecular Polymers

The Craig group reported a wide variety of ssDNA monomers that self-assemble
into linear supramolecular polymers in the early 2000’s.”":72 This was done by creating
monomers that were self-complementary to each other. Many of these examples also
incorporate organic linkers into the DNA monomer backbone. While the target structures
for many of these systems were linear supramolecular polymers, they often speculated that
cyclic DNA structures were also being formed. Indeed, this can most likely be attributed
to many of the aforementioned factors such as, the use of flexible organic linkers, the
location of the organic linker, and the number of base pairs used.’* Despite this, the group
was still able to obtain reversible supramolecular polymers that display many physical
properties similar to covalent polymers. Given the recent advances in self-assembling DNA
materials there is no doubt that these materials could be obtained today with even higher

yields and lower defects.

Other methods revolve around monomers aggregating based on the synthetic
portion of the molecule, leaving the DNA portion exposed. This is the case with
amphiphilic DNA molecules.”®’* Similar to other amphiphilic molecules theses monomers
will aggregate in aqueous conditions to form spherical micelles. However, by tuning the
ratio of hydrophilic to hydrophobic components, or the molecules themselves, 1D rods and

2D sheets can also be formed.” In this way, DNA can be implemented into micelle
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structures.”®”” The high specificity of DNA base pairings allows for a fine control of the
overall structure obtained and, furthermore, enables secondary interactions with the
exposed DNA strands. For example, with spherical nucleic acids, the amphiphilic DNA
monomers assemble through the hydrophobic effect presented by the synthetic
hydrophobic portion leaving the ssDNA portion free to interact with complementary DNA
sequences.’® This is an important concept that should be highlighted when discussing DNA
based supramolecular polymers: not only does working with DNA improve the specificity

of the materials obtained,; it also creates opportunities to explore different functionalities.”

Another distinct example that intertwines the areas of DNA nanotechnology and
supramolecular polymers is the work of polyadenine (polyA) rosettes, pioneered by
Sleiman and co-workers.! This system differs from the aforementioned ones because it
relies on a secondary molecule to form. That is, there are two different types of monomers.
In the presence of cyanuric acid (CA) the polyA strands spontaneously form a rosette
structure. As demonstrated in Figure 1.7 cyanuric acid presents three faces that can
hydrogen bond complementarily to adenine. In this fashion, it is hypothesized that the CA
can interact with two sides of the adenine moiety to create a six membered binding motif.
As the adenine units are connected through phosphate backbones these motifs can readily
stack upon each other to give rise to rod like structures. Additionally, the chiral nature of
the DNA structure is imposed on the structures yielding chiral fibres. Atomic force
microscopy (AFM) images verify fibres that are microns in length and morphologies that
are dependent on the polyA length (Figure 1.7, b and c). It should be noted that these fibres
only form under slightly acidic conditions, as protonation of the cyanuric acid is essential

in promoting cyanuric acid-adenine interaction. Furthermore, recent theoretical studies
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have suggested that the fibres are actually elongated duplexes and not the hypothesized
rosette structures, however, sufficient experimental evidence to verify these claims have

not been conducted.®?
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Figure 1.8. Binding motif of the polyA:cyanuric acid fibres (a) and experimental AFM
results (b & ¢).! Based on the number of polyA unites elongated (polyAis, (b) or contracted
fibres polyAis (¢), may be observed.
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1.2.4 Azobenzene in DNA

The incorporation of organic linkers into a DNA backbone provides an apt
opportunity for molecular control over DNA based materials. Introducing functional
groups into the organic linkers that are sensitive to orthogonal interactions, for example,
pH, temperature, electric fields, or even light, can easily produce a stimuli responsive
material. With the case of azobenzene, this could present materials that exhibit substantial
property changes as a response to light or temperature.®! Azobenzene readily undergoes a
trans-to-cis isomerization upon n-n* excitations when exposed to irradiation (~320 nm). It
will also undergo thermal isomerization back to the more stable ¢rans isomer under dark
conditions.!* This conformation change can lead to a change in the dipole moment of up to
3 Debye and a large conformational change in end-to-end length of up to 3.5 angstroms.%?
When incorporated into covalently bonded polymeric materials with sufficient amounts of
azobenzene, these conformational changes can be observed on the macroscale. These
interesting features have given rise to a whole new range of materials that can bend,
contract, or even oscillate upon the exposure of light.3!#> Therefore, embedding these
molecules into DNA nanostructures that are soft bonded is extremely intriguing, as these
supramolecular systems should be even more susceptible to change than their covalent
counterparts. However, to integrate these appealing characteristics into DNA
nanostructures many parameters must be considered. Fortunately, other groups have

already briefly explored this field and provided insight into the nature of these materials.

The most common method to integrate azobenzene into ssDNA is as an
intercalating unit.34#> In this method, the trans azobenzene moiety lies parallel to the DNA

base pairs as it participates in n-x stacking between two base pairs (Figure 1.8). Essentially,
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it can be visualized as another base pair. This has been noted to increase the melting
temperature on the DNA duplex as the added n-n interaction adds to the enthalpic gain and
hydrophobicity as the azobenzene moiety promotes the hydrophobic effect. However, upon
UV irradiation the azo isomerizes to the cis form, which is non-planar and more polar. Now
the m- 7 interaction is lost and the moiety is more susceptible to interact with the solvent,
which destabilizes the DNA duplex. By implementing only two azobenzene unites into a
DNA strand with eight base pairs, a difference in melting temperature of up to 21.5°C can
be obtained.®® Thus, these systems are convenient to mediate the photo-disassembly of

systems.

It should be noted that a stark difference was seen when altering the stereocenter of
the azo moiety. Specifically, the azo was introduced via a threoninol linker as either L-
threoninol (S,S) or D-threoninol (R,R).®¢ When enantiomerically pure L-threoninol was
introduced into the DNA a melting temperature of only 4°C degrees was observed.
Conversely, when enantiomerically pure D-threoninol was introduced into the same system
a melting temperature of 14°C degrees was observed. Using molecular modelling, it can
be rationalized that the D enantiomer orients the azobenzene residue in a more preferable
fashion, such that it can easily intercalate between the base pairs.®” This sheds light on the
enatioselective nature of the system and a key factor that must be considered when working

with these chiral DNA-based systems.

One interesting irregularity in these systems is the differences in the photodynamics
of azobenzene. Samai et al performed an in depth study analyzing the quantum yields of
azobenzene when implemented into DNA.®® Interestingly, there is large decrease in the

quantum efficiency when azobenzene is in DNA; longer irradiation times are required in
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order to sufficiently isomerize trans azobenzene. This hindrance to the isomerization
process was further amplified when applied to systems with double stranded DNA,
suggesting a high dependence on the local environment. In fact, the efficiency of the photo-
isomerization was even found to be sequence dependent, as different neighbouring base
pairs affected the rate of isomerization. Contrarily, the thermal relaxation process was
unaffected by these changes and remained constant regardless of the induced local
environment. These findings led the authors to hypothesize that the initial photo-
isomerization process proceeds through a rotation pathway, which is dependent on the free
volume surrounding the azo moiety. Thus, when the azo is sterically constrained, as is
would be in double stranded DNA systems, the isomerization process is hindered and
requires longer irradiation times. Notably, at higher temperatures the differences in the
photo-isomerization were negligible, further indicating the importance of the local

environment and spatial freedom.
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Figure 1.8. The two predominant approaches to insert azobenzene into DNA. On the left,
the azo motif is perpendicular to the DNA strand and bound through a L-threoninol linker.
On the right, the azo elongates the phosphate backbone. Note azo:DNA size is not to scale.

Another method to integrate azobenzene into DNA is as a backbone linker where
the azo moiety sits perpendicular to the base pairs (Figure 1.8).% In this position, the
azobenzene can no longer interact with the base pairs through n- 7 interactions; however,
it now offers the opportunity for more dynamic control over the conformation of the DNA.
In the trans conformation the azobenzene is linear and aids in the elongation of the DNA
strands. Conversely, upon the irradiation, the cis azo moiety adopts a bent structure and
can assist in the contraction of the DNA strand. It should be noted that the persistence

length of ssDNA ranges from 0.6 to 6 nm, while that of double stranded DNA can surpass
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35 nm.*** Thus, it can be hypothesized that such conformation rearrangements would be
more suitable in double stranded DNA systems. Nevertheless, proper experiments to
elucidate the behaviour of azobenzene in these positions still need to be conducted, as these

systems have been far less studied.

One method to confirm the contraction of ssDNA is by designing azo-DNA
molecules as hairpin loops.®® This guides the ssDNA to adopt a contracted structure that
has folded onto itself. By inserting azobenzene into the loop portion of the molecule a
change in the denaturation temperature of the hairpin is observed depending on which
conformation the photoswitch is in. Specifically, irradiation initiates a trans-to-cis
isomerization, which results in a highly conformationally strained hairpin loop.”® Thus, the
denaturation temperature of the hairpin is lower than when in this conformation. The
change in the denaturation temperature is dependent on the DNA bases used. However, in
these systems the contraction of the ssDNA is assisted by the self-complementary nature
of the ssDNA due to the hairpin design. Furthermore, it contrarily suggests that a trans
isomer is likely to allow ssDNA to fold on itself despite the wormlike nature of ssDNA.
Indeed, in these structures the trans isomer is more likely to yield a contracted DNA
stranded whereas the cis isomer is more likely to yield an elongated structure, however,

this is due to the specific design of the ssDNA sequence.

Another system that explores the conformational changes that arise in these azo-
oligonucleotide molecules is in the field of small interfering RNA (siRNA).°'? In this
work, azobenzene is introduced into systems that are dependent on dsRNA structures. The
authors hypothesize that in the trans conformation the ssSRNA is able to adequately bind to

the complementary RNA strand, yielding a dSRNA complex. This dsSRNA RNA can then
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act as a substrate of the RNA-induced silencing (RISC) complex and participate in the
gene-silencing pathway. However, in the cis conformation, the RNA is no longer a true
dsRNA entity and can no longer be recognized. Thus, the system can invoke light mediated

gene silencing.

In the aforementioned studies, little work has gone into validating the hypothesized
structures obtained. Carefully designed experiments are necessary to reveal the exact
structures that are obtained in solution. For example, quantifying the change in the end-to-
end distance of the ssDNA upon irradiation would be extremely beneficial. Similarly,
analyzing how the polarity or chirality of the molecule changes would provide great insight
for future work. Furthermore, the photodynamics of these systems has not been analyzed
to ascertain information pertaining to the mechanism of the photo-isomerization and

thermal relaxation processes.
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1.3 Scope of Thesis

1.3.1 Overview of Thesis & Objectives

As outlined previously, stimuli-responsive materials are becoming highly
intriguing candidates for many applications. In particular, DNA-based supramolecular
polymers are very viable smart materials for many biological systems. This can primarily
be attributed to their ability to initiate secondary interactions with biological substrates
through unbound ssDNA. Furthermore, the labile nature of these soft-bonded materials
provide an apt opportunity to implement responsive properties through orthogonal stimuli.
Due to the promising photodynamic characteristics of azobenzene, it is a good contender
to instigate photo-responsive properties into these materials. However, the abnormal
isomerization behaviour of azobenzene in water has hindered progress in this area. As such,
this thesis can be separated into two parts: the first, where the photodynamic properties of
different azo derivatives are analytically analyzed in aqueous systems and the second,
where a promising azo derivative from part one is implemented into an existing DNA-

based supramolecular system.

For the first portion, water—soluble azos are synthesized to yield a wide variety of
azobenzene classes and photophysical properties. The photodynamics of these azos were
then analyzed in organic solvents and water. In particular, special attention is paid to the
kinetics surrounding the cis-to-frans thermal isomerization process and the required
excitation wavelength to induce the trans-to-cis isomerization. To further rationalize the
changes observed computational methods were used. In particular, the geometries of the
derivatives were optimized with ab initio calculations and the excitation energies

calculated through time-dependent density functional theory (TD-DFT). Lastly, the
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transition states of the cis-to-trans thermal relaxation were also optimized to gain insight

into the thermodynamics associated with this process.

In the second part of this work an azo derivative is implemented into a polyA-
cyanuric acid supramolecular system. This was done by first synthesizing an azobenzene
derivative that was fully compatible with the automated DNA synthesis. By altering the
position of the azo motif on the polyA strand its influence on the self-assembly process
could be analyzed. Fibres of different morphologies were obtained and their characteristics
were analyzed through circular dichroism (CD) spectroscopy and atomic force microscopy
(AFM). Preliminary studies were also conducted to observe the effect of the photo-

isomerization on these supramolecular systems.

The work in the first portion sheds light on the intricacies of dealing with
azobenzene in water. The findings show how to easily rationalize the optimal type of azo
derivative for a specified application. In particular, amino-azos are rationalized as a
suitable photo-switch for applications that require fast isomerizations, for example
optoelectronics. Contrarily, azobenzene-type derivatives and ortho-substituted azos are
optimal for systems that seek to exhibit dual functionality. Due to their long half-life the
molecules can act as a binary system that exists in the cis or trans state. However, with
these derivatives researchers must be particularly wary of the inherent water-insolubility
that exists due to the hydrophobic substituents. Furthermore, the computational results
presented aid researchers in further optimizing the azo derivative. By employing in-silico
methods researchers can easily acquire an understanding of the expected wavelength

required for photo-isomerization and also an estimate of the half-life.
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In the second portion, the subtle influences azobenzene has on the self-assemble
processes were analyzed. Specifically, how the orientation and placement of the azo motif
affects the macroscopic properties of a material can be stringently dissected. By combining
the findings of both portions, this work demonstrates how transferring potential
azobenzene derivatives into aqueous systems, such as supramolecular polymers, can be
more straightforward. Particularly, the photodynamics azo derivatives can easily be
rationalized through the works presented in the first portion. Based on these findings they
can next be easily implemented into an existing self-assembly system. In addition, coupling
the azo motif to an already existing building block of the supramolecular system could
potentially alleviate the issues associated with its water insolubility. This enables
researchers to easily classify and determine the implications of introducing photo-switches

into supramolecular systems.
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Chapter 2: Methods, Results, & Discussion

2.1 Synthesis & Self-Assembly

Five azobenzene derivatives were first synthesized to yield a series of different
azobenzene classes. Specifically, one azobenzene-type azo, two amino-type azos, and two
ortho-substituted azos were synthesized. Schemes for each azo derivative are shown
below. Based on the experimental results the azobenzene-type azo (azol) was used as a
precursor to implement into the polyA-cyanuric acid systems. As such, an azobenzene
phosphoramidite was synthesized as shown in Scheme 1. However, it can be noted that due
to the hydroxyl substituent present on each derivative, any of the azos presented could
theoretically have been covalently implemented into a DNA-based system. The two amino-
type azos (Azo2 and Azo3) were synthesized through typical azobenzene coupling
reactions.” The syntheses of these compounds were therefore quite straightforward and
matched the experimental results of similar derivatives. On the other hand, the synthesis of
the ortho-substituted azos (Azo4 and Azo5) was less straightforward and was guided by
relatively recent studies. As shown in Scheme 4, the synthesis of Azo4 was particularly
intensive and relied heavily on following the previous results of Bleger et al. However, for
both Azo4 and Azo5 a novel LAH reduction was employed to reduce the carboxylic acid
substituent to a hydroxyl group. A recently presented azo coupling was then further used
in the final step to yield the respective azo.** To aid future researchers, relevant NMR for

each compound can be found in the Appendix.
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2.1.1 Organic Synthesis

HO DMT
NO, o
Zn Dust
us NEt,, DMT-CI
— N=N —
5.7 M NaOH, Reflux THE, dry N=N
OH Azola
OH Azol
OH
PCIR,, DIPEA, DMAP
DCM, dry
\>—, ODMT
N
>f“\ f®l \\”"@J
p—0
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Scheme 1. Synthesis of Azol and its respective phosphoramidite derivative (Azolb).
Bis(hydroxymethyl)azobenzene (Azol)

Azol was synthesized through a typical reductive coupling.”’** 2.00 g (0.013 mol)
of 4-nitrobenzyl alcohol was added to a round bottom flask with 50 mL 10% sodium
hydroxide and sonicated for 30 min. To this solution 3 g (0.022 mol) of zinc powder was
added slowly, over the course of 30 min while stirring rapidly. The solution was refluxed
at 100°C overnight & filtered to yield orange crystals. The crude material first purified
through soxhlet extraction (hexanes) and subsequently purified via recrystallization

(methanol) or column chromatography (Hexanes/Ethyl Acetate). 'H NMR (CDCls, 500
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MHz) 8 7.86 (d, J = 7.49 Hz, 4H) 7.53 (d, ] = 7.51 Hz, 4H) 5.35 (s, 2 H) 4.61 (d, J = 5.39

Hz, 4H) HRMS-ESI: m/z = 243.1129 (calcd: 243.1134).

4-hydroxymethyl-4’-0-(4,4’-dimethoxytrityl)-azobenzene (Azola)

2 mmol of azol was added to 10 mL of dry THF under an inert atmosphere and
stirred until dissolved. The solution was then cooled to 5°C after which, a solution of 2.4
mmol of dimethoxytrityl chloride dissolved in 5 mL of dry THF was added dropwise. The
solution was then stirred overnight at room temperature and subsequently evaporated. The
crude product was then purified by column chromatography (Hexanes/Ethyl
Acetate/Triethylamine). "H NMR (CDCls, 500 MHz) & 7.93 (m, 4H), 7.55 (m, 6H), 7.44
(m, 4H), 7.32 (m, 3H), 6.88 (m, 4H), 4.83 (d, 2H 6.00 Hz), 4.28 (s, 2H), 3.82 (s, 6H)

HRMS-ESI: m/z = 567.2238 (caled: 567.2259, M + Na)

2-Cyanoethyl-4-0-{[4-hydroxymethyl-4’-O-(4,4 dimethoxytrityl)-O-methyl-

diazenyl]kon}-N,N’-diisopropylaminophosphoramidite (Azo1b)

0.9 mmol of was dissolved in dry DCM under an inert atmosphere. 4 mmol of dry
DIPEA and 0.9 mmol of DMAP were then added to the solution and stirred for 5 min.
Using a syphon, 1.1 mmol of 2-cyanoethyl N,N-diisopropylchlorophosphoramidite under
an inert atmosphere was then added drop-wise to the solution. The solution was stirred for
2 hrs after which it was evaporated. The solution was immediately dissolved in
Hexanes/Ethyl Acetate/Tryethylamine (80:18:2) and purified through column

chromatography under an inert atmosphere (Hexanes/Ethyl Acetate/Tryethylamine
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80:18:2). 'H NMR (CDCls, 500 MHz) & 7.94 (m, 4H), 7.55 (m, 5H), 7.44 (m, 3H), 7.34
(m, 1H), 6.88 (m, 4H), 4.82 (s, 1H), 4.29 (s, 2H), 4.15 (m, 1H), 3.83-3.77 (m, 8H), 3.71-
3.58 (m, 2H), 2.24 (m, 2H), 1.27 (m, 12). HRMS-ESI: m/z = 783.3083 (calcd: 783.8367,

M +K)

NH. ON HO

NaNO, Phenol
— S
HCl NaOH N=N
Azo2
OH OH MG

Scheme 2. Synthesis of Azo2.

4-hydroxy-4’-hydroxymethylazobenzene (Azo2)

Az02 was synthesized through a diazonium salt coupling.”®> 20 mmol of the
respective 4-aminobenzyl alcohol was added to a 2.4 N hydrochloric acid (HCl) solution .
The solution was cooled to 5°C and 24 mmol of sodium nitrite was added. The solution
was stirred for 30 min and after was added drop-wise to a solution of 20 mmol phenol in 8
mL 20% sodium hydroxide cooled to 5°C. The pH was monitored throughout this process
to ensure basic conditions. The reaction was allowed to stir for 24 hrs, after which the
solution was neutralized with HCl & filtered. The precipitate was then purified through

column chromatography (Hexanes/Ethyl Acetate). 'H NMR (DMSO, 500 MHz) § 10.26
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(s, 1H), 7.79 (m, 2H), 7.49 (m, 2H), 7.33 (m, 2H), 6.94 (m, 2H), 4.58 (d, J = 6.12 Hz, 2H)

HRMS-ESI: m/z = 229.0967 (calcd: 229.0977)

0
NH N HO
Oxone 4-aminobenzyl alcohol
— —
DCM, H,0 Acetic Acid N=N

NOZ NOZ

Scheme 3. Synthesis of Azo3

4-hydroxymethyl-4’-nitro-azobenzene (Az03)

Az03 was synthesized through an oxone coupling.”* 200 mg of 4-nitroanaline was
dissolved in 5 mL of DCM under an inert atmosphere. To this solution was added 1.79 g
Oxone® dissolved in 20 mL water. The biphasic reaction was stirred for 6 hrs and
monitored via TLC to ensure completion. After which, the solution was separated and the
aqueous phase was washed with DCM twice. The organic fractions were collected and
sequentially washed with 1M HCI, saturated sodium bicarbonate solution, water, brine, and
then dried over magnesium sulphate. The solution was then evaporated to dryness to yield
the nitrosoarene intermediate. The compound was then redissolved in acetic acetic and 1.4
mmol of 4-aminobenzyl alcohol was added. The reaction was stirred over night after which
it was diluted with water and extracted DCM (3x). The organic fractions were collected
and sequentially washed with 1M HCI, saturated sodium bicarbonate solution, water, brine,

dried, and evaporated. The crude compound was purified through column chromatography
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(Hexanes/Ethyl Acetate). 'H NMR (DMSO, 500 MHz) & 8.45 (m, 2H), 8.09 (m, 2H), 7.96

(m, 2H), 7.59 (m, 2H), 4.64 (d, ] = 6.06 Hz, 2H), 4.34 (t, J = 5.15 Hz, 1H) HRMS-ESI: m/z

= 258.0873 (calcd: 258.0878)

NH,
e E NBS
ACN, RIT
79%
CH,OH
F F )
DBU, NCS
N
N -
F F DCM, -78.5°C
Azo4 56%
CH20OH

Scheme 4. Synthesis of Azo4.
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4-amino-3,5-difluorobenzoic acid (4a-4c)

NH,

F F

4b CN
¢ IM NaOH. Reflx

94%

COOH

F -
NH,

4c

Compounds 4a-4¢ were synthesized as per the protocols described by Bleger et al.?’

Briefly, 2,6-difluoroaniline was reacted with NBS to yield 4b. 4b was further reacted with

copper cyanide to yield 4c, which was subsequently oxidized in NaOH to yield 4d. NMR

data as per reference. HRMS-ESI: 4a m/z=207.9558 (calcd: 207.9573), 4b m/z=155.0419

(caled: 154.0421), 4c m/z = 174.0357 (caled: 174.0366)
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4-amino-3,5-difluorobenzyl alcohol & 4-amino-2,3,5,6-tetrafluorobenzyl alcohol (4d &

5a)

5 mmol of LiAlH4 was dissolved in 5 mL of dry THF under inert atmosphere at
0°C. The solution was then added dropwise to a solution of 2.5 mmol of the respective
aminofluorobenzoic acid dissolved in 5 mL dry THF (under N2, 0°C). The reaction was
then stirred at room temperature overnight under an inert atmosphere. After monitoring via
TLC, the reaction was cooled to 0°C and quenched with saturated sodium bicarbonate
solution. It was then diluted with excess water and extracted into ethyl acetate (2x). The
organic fractions were combined, dried over magnesium sulphate, and evaporated. The
crude material was purified through column chromatography (Hexanes/Ethyl Acetate). 'H
NMR (CDCl3, 500 MHz) of 4d & 6.87 (m, 2H), 4.58 (s, 2H) HRMS-ESI: m/z = 160.0564
(caled: 160.0574). 'H NMR (CDCl3, 500 MHz) of 5a 8 4.80 (d, J = 6.65 Hz,), 4.04 (s, 1H)

HRMS-ESI: m/z = 194.0223 (calcd: 194.0229)

HO
F F
NHg NHZ
E F F F n F
LAH DBU, NCS
e — N’/N
. F Tlll:.f)r_\' . g DCM,-785°C
68% 62 F J
o) OH Sa OH
r g Azo5
OH

Scheme 5. Synthesis of AzoS5.
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bis(2,6-difluoro-4-hydroxymethyl)diazene & bis(2,3,5,6-tetrafluoro-4-hydroxymethyl)

diazene (Az04 & Azo5)

Azo4 & Azo4 were synthesized using N-chlorosuccinimide (NCS) and 1,8-
Diazabicyclo[5.4.0Jundec-7-ene (DBU).”* 1 mmol of the respective aniline was dissolved
in 15 mL of DCM. 2 mmol of DBU was added and the reaction was stir for 10 min. The
reaction was then cooled to -78°C and the 2 mmol of NCS was added and stirred for 30
min. The reaction was then quenched with saturated sodium bicarbonate. The solution was
diluted with DCM then sequentially washed with 1 M HCI, water, dried over magnesium
sulphate and evaporated. The crude material was purified through column chromatography
(Hexanes/Methanol). '"H NMR (CDCls, 500 MHz) of Azo4 & 7.98 (m, 4H), 4.62 (s, 4H)
HRMS-ESI: m/z = 315.0754 (calcd: 315.0756). '"H NMR (CDCls, 500 MHz) of Azo5 &

4.75 (s) HRMS-ESI: m/z = 387.0367 (calcd: 387.0379)

2.1.2 Solid-Phase DNA Synthesis

Automated solid-phase DNA synthesis was carried out using a MerMade 6
oligonucleotide synthesizer from Bioautomation. Once synthesized, the strands were
immersion in ammonium hydroxide and heated at 60°C overnight to deprotect the bases
and cleave the strands from the solid support. The solutions were subsequently evaporated
and re-dissolved in water. The strands with azobenzene on the 5’ end were then purified
through high-performance liquid chromatography using an Agilent Infinity 1260. Strands

with azobenzene in the interior were purified through gel-electrophoresis. The strands were

43



quantified using a NanoDrop Lite Spectrometer (Thermo Scientific). Target structures

were confirmed through LC-MS. A full list of synthesized strands is shown in Table 2.1.

Table 2.1. List of the synthesized DNA strands.

Sample Sequence (5’-3°)
PolyAsAzoAs AAAAA-Azo-AAAAA
PolyA7AzoA7 AAAAAAA-Azo-AAAAAAA

PolyA9Azo Azo-AAAAAAAAA
PolyAi4Azo Azo-AAAAAAAAAAAAAA
PolyA14Azo> Az0-Azo-AAAAAAAAAAAAAA

AzoPolyAisAzo Azo-AAAAAAAAAAAAAA-Azo

2.1.3 Fibre Formation

A solution was made containing 20 uM of DNA, 10 mM of cyanuric acid and 12.5
mM Tris-acetic acid buffer (pH = 6) with magnesium (TAMg). Specifically, a 20 mM
cyanuric in 25 mM TAMg buffer was added to a 40 uM solution of the purified DNA
sample in equal parts. Note that above 18 mM concentration cyanuric acid typically crashes
out of solution due to its low solubility in water. As such, the solution was heated and
sonicated prior to the DNA addition to ensure the total solubility. The samples were then

annealed using an Eppendorf Master Cycler Thermocycler by heating at 90°C for 3 min,
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followed by cooling to 5°C, at a rate of 0.5°C/min. After this point, it was critical to keep
the samples in the dark to ensure no photo-isomerization had taken place. This was
achieved by either running the samples immediately, or storing them in tinfoil in a dark

and cold environment.

2.2 Spectroscopy

2.2.1 UV-Vis & Kinetic Experiments

All UV-Vis measurements were completed with an Agilent Cary 300 UV-Vis
spectrometer. Concentrations were kept similar to yield an absorbance of <I. For the
isomerization experiments, samples were irradiated with a 10 Watt 365 nm or 523nm LED
light, for 5 — 10 min. The length of time depended on when a photostationary state was
obtained, as confirmed by a constant UV-Vis spectrum. Measuring the absorption of the
azobenzene at its Amax Over the necessary timeframe was then used to observe the thermal
relaxation process. For azol, sampling was conducted every 30 minutes. For the ortho-

halogenated compounds, sampling was conducted every hour.

2.2.2 Pump-Probe Spectroscopy

The exact optical setup is presented in Figure 2.1. Samples were first loaded into a

1 mm square cuvette. Trans-cis photochemical isomerization was induced in the samples

by irradiating them with a 100 mW-cm_2 laser operating at 375 nm. A pump cycle of 0.5

seconds was used: long enough to ensure a photo-stationary state, however, short enough
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to inhibit heating of the sample. This was controlled with an optical shutter. The absorption
of the samples was constantly monitored using a 455 nm light line from a Melles Griot
Argon laser. This laser was first passed through a 4 A filter, an optical chopper and a
variable neutral density to improve the signal-to-noise ratio and ensure the probe light was
not isomerizing the sample. The "4 A filter acts to circularly polarize the light, as polarized
light has been noted to align azos throughout isomerization cycles. The optical chopper
operated at 1415 Hz. A broadband filter (425 — 465 nm) was also placed in front of the
photodiode to filter background light. All data was collected using a Standford Research
Systems SR830 lock-in amplifier, which was connected to the optical chopper. As the two

were paired to the same frequency, this is how the signal-to-noise ratio was increase.

Probe Laser

v
Chopper Filter Photodiode
Detector
Sample :
|
|
|
Z
Data
Pump Shutter Acquisition
Laser

Figure 2.1. Optical setup used for the pump-probe spectroscopy experiments.
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2.2.3 Circular Dichroism & Melting Temperature Analysis

All circular dichroism (CD) measurements were done on Jasco J-815
spectropolarimeter equipped with either a Xe (200 nm) or D, (230 nm) lamp. For
isothermal spectra, scans were conducted from 400 nm to 200 nm using a Xe lamp.
Thermal denaturation was simultaneously monitored by CD & UV-Vis by monitoring the
samples at 252 nm (D2) while heating at a rate of 2°C/min. Samples were taken straight

from the annealing chamber to avoid exposure to light and thermal denaturation.

2.2.4 Atomic Force Microscopy

Samples were prepared in a cold room (6°C) by depositing 5 uL of the annealed
fibres onto mica. The samples were left for 30 seconds to deposit and then subsequently
dried with filter paper (wicking method). This enabled the removal of some of the solvent
while maintaining the structures of the samples. The samples were then air dried for 1
minute at room temperature and immediately transferred to a desiccator to dry overnight.
The samples were analyzed the next day using a Multimode scanning probe microscope
and Nanoscope Illa controller (Digital Instruments) using ScanAsyst mode. An initial
rough scan of 25 um x 25 um was done for all samples then focused in based on those

results. All images were acquired in the tapping mode with silicon probes.
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2.3 Computational Methods

All molecular computations were performed using the Guassianl6 software
package using Compute Canada’s high performance cluster. Computations were run in
parallel on nodes with 64 central processing units. In all cases, initial geometries of the
ground state structure of each derivative were first obtained. The UV-Vis spectra were then

analyzed by employing a TD-DFT method, also using the Gaussianl6 package.

2.3.1 Optimized Ground State Structures

All structures were optimized using time-independent density functional theory
(DFT). Initial structures were drawn in using the Avogadro software package and
preliminarily optimized using the universal force field (UFF) package. This served as a
good means to reduce the computational time by providing a rough estimate of the initial
geometries. Molecular structures were then optimized in the gas phase with Gaussian16
using either a CAM-B3LYP/6311+G (2d,p) or PBEO/cc-pvtz level of theory. In some
cases, it was beneficial to first optimize the structures with a more minimalistic basis set,
for example cc-dvtz. This helped minimize the total computational time as later
calculations with larger basis sets were expedited. In all cases the molecules were initially
optimized in the gas phase. Once a reasonable structure was obtained through this method
the molecules were further optimized with the incorporation of a solvent model. A
reasonable structure was classified as a molecule with similar bond angles as reported in
previous literature. In particular, special attention was paid to the angles 6 and ¢, as these

are of particular interest with regards to the isomerization process. However, a more
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quantitative method was to perform a vibrational analysis on the proposed molecules. By
confirming the absence of any negative vibrational energies, the molecules could be
confirmed as a minimum. For these studies the polarized continuum model (PCM) was
used to replicate the effect of water. As mentioned previously, this is an implicit model that
neglects any solute-solvent interactions however can replicate the bulk effects of the
solvent. Vibrational analyses were also conducted on the solvated molecules to ensure the
structure was a minimum. To gain insight into the thermal relaxation processes the
transition structures of the cis-to-trans isomerization was also analyzed. Again, this was

done with the Gaussian16 package using a reaction coordinate scanning-based method.

2.3.2 Simulated UV-Vis Spectra

Electronic transitions were evaluated with time dependent density functional theory
(TD-DFT) with single point calculations up to three transitions. For some initial studies
single point calculations were conducted for up to 25 transitions to obtain a more exact
simulated spectra of the corresponding molecules. However, as the n-n* and n-m*
transitions were the first two transitions calculated, they were deemed sufficient for the
purpose of this study. Indeed, the frequency factor of the transitions dropped significantly
after the first two transitions, indicating that excitations not associated with the n-n* and
n-t* transitions were improbable in an experimental setting. Depending on how the
structure was optimized, either the CAM-B3LYP or PBEO functional was used in the TD-
DFT calculations. In a similar vein, the corresponding basis set used for the geometry
optimization was also used for the TD-DFT calculations. However, an initial screening was

performed on the parent compound (Azol) to determine the effect of different basis sets.
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From these results, the CAM-B3LYP/6311+G (2d,p) and PBEO/cc-pvtz level of theory in
water using a PCM water model were deemed the most appropriate. This is because these
two functional/basis set combinations offered accurate results with minimal computation
time. As such, these methods were then applied to the other azobenzene derivatives
synthesized: molecules were optimized with the CAM-B3LYP/6311+G (2d,p) and
PBEO/cc-pvtz, and then the TD-DFT calculations were done with the same functional/basis

set.

2.3.3 Transition State Structures

Initial transitions state predictions were obtained via an intrinsic reaction coordinate
approach. Molecules were initially scanned over the -N=N—-C— moiety to give a rough
approximation of the energy landscape with respect to inversion or rotation. In particular,
two scanning angles were used: the dihedral angle involving the C-N=N-C atoms to
analyze the rotational freedom (referred to as ¢) and the bond angle involving the C-N=N
atoms for the inversion (0). For ¢, five scan steps of 25° were used to fully cover the rotation
of the cis derivative to trans derivative. Similarly, for 6, four scan steps of 10° were
conducted to cover the inversion mechanism. In the scan method presented in Gaussianl16,
structures are analyzed for each permutation available for the given variables. Thus, in this
scenario, the energies of 20 (5x4) different conformational isomers were analyzed for each
derivative. From these, the higher energy molecules were then used in a QST3 method to
obtain accurate transition structures. In this method three structures are proposed, the initial
starting molecule (here the cis isomer), the final molecule (the frans isomer) and a proposed

transition structure molecule. As such, the higher energy molecules obtained through the
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initially scanning process served as adequate guess for the transition state structures. Note
that some higher energy conformations were not always successful and lead to inconclusive
computational results. However, for each derivative there existed at least one adequate
structure, which lead to conclusive results. For both the scan and QS3T process, all
structures were calculated using the DFT method at the CAM-B3LYP/6311+G (2d,p) level
of theory. Therefore, in the QST3 method the same level of theory was used for computing
all three structures — the cis isomer, the trans isomer and the transition state structure —
thus, the energies of the structures could be easily compared. Using this data, a theoretical
activation energy could be extrapolated from the results by using the energy of the cis

isomer and the energy of the proposed transition state structure.
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2.4 Results & Discussion

2.4.1 Synthesis of Water Soluble Azobenzenes

The structures of the synthesized azobenzenes, along with their respective overall
synthetic yields, are shown in Figure 2.2. Azos were designed to incorporate hydroxyl
groups to increase their water solubility. Thus, Azol served as a parent compound for this
study. We then envisioned other target structures that incorporate electron-donating,
electron-withdrawing, & ortho halogenation to further study these effects on the photo-
dynamics of the molecule. As shown, the azos presented cover all the various types of
azobenzene molecules discussed early, except “push-pull” types. Specifically: Azol is an
“azobenzene” type molecule, Azo2 & Azo3 are “amino-azobenzenes” and Azo4 and Azo5
are “ortho-substituted azobenzenes”. “Push-pull” azos were not included, as the

hypothesized fast isomerization rates would deem them unsuitable for this experimental

setup.
Azol Azo2 Azo3 Azo4 Azo5
HO HO HO HO HO
F F
F F F F
N =N N N
N N Z Z “
F F F F
F F
OH o NO2
OH OH
76% 68% 82% 13% 42%

Figure 2.2. Final structures of the synthesized azo derivatives and their yields.
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While Azol-3 all have acceptable yields, the lower yields of Azo4-5 decrease their
applicability. Furthermore, Azol-3 can be acquired through single-step synthesizes,
whereas Azo4-5 require multiple synthetic procedures. It has been noted that the
introduction of halogens into the ortho position of azobenzene can be synthetically
challenging, however, synthetic methods are continuously being developed to address this
issue.”* In particular, coupling of ortho-halogenated amines to form the N=N azo bond
remains a significant challenge. Nevertheless, authors are continuously developing
strategies to overcome this obstacle, such as selectively halogenating azobenzene
derivatives in the ortho positions in the final synthetic step.”? As such, methods that further
decrease the number of synthetic procedures or the costs associated with the required
reagents will consequently increase the viability for these azo derivatives. As will be shown
later, this is of the upmost importance as these azos also typically display the most viable
characteristics for applications geared towards biological systems. Should they become
less synthetically demanding, they will no doubt rise as suitable candidates for these

systems.

2.4.2 Effect of Substituents on Photo-dynamics

The UV-Vis spectra of the azos in water and THF are shown in Figure 2.3-2.5.
Specifically, these figures display a comparison of the synthesized azo derivatives UV-Vis
spectra in water and DMSO. For clarity, the parent compound, amino type, and ortho
substituted azos are each plotted in their own figure; Figure 2.3, Figure 2.4, and Figure 2.5,

respectively.
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Figure 2.3. UV-Vis spectra of the parent compound (Azol) in DMSO (red) and water
(blue). Here, the samples are assumed to be composed predominately of the trans isomer.
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Figure 2.4. UV-Vis spectra of the amino-type derivatives (Azo2-3) in DMSO and water.
Here, the samples are assumed to be composed predominately of the trans isomer.
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Figure 2.5. UV-Vis spectra of the ortho-substituted derivatives (Azo4-5) in DMSO and
water. Here, the sample is assumed to be composed predominately of the trans isomer.

Notably, two distinct differences in the absorption spectra can typically be observed when
the azos are dissolved in water: a shift of the n-n* transitions and, for some azos, a
significant increase in intensity of the n-n* transition. The shift of the excitation energy for
the m-* transition can be attributed to an increase in the polarity of the solvent, which
further increases the dielectric constant. The change could also be potentially linked to
solvent-solute interactions, such as hydrogen bonding between the water and lone pairs of
the nitrogen atoms.*>%> Stabilizing these lone pairs would increase the energy gap between
the energy states and thus require a higher excitation energy, as observed with Azol and
Az04-5.% Interestingly, this shift is not observed in the amino-type azos. Instead, the

excitation energy for the m-n* transition stays constant (Azo2) or is red-shifted (Azo3). It
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is possible that the strong electron withdrawing character of the nitro group in Azo3 may
be more influential in the polar aprotic solvent, leading to a better stability of the lone pair
electrons. The increase in the n-n* transition can most notably be observed in Azol. As
shown, in water Azol shows a clear peak at about 420 nm that is indicative of the n-m*
transition; however, this peak is barely visible when the sample is measured in DMSO.
This change could most likely be due to a decrease of symmetry when the molecule is
dissolved in water, as the hydrogen bonding promotes a more asymmetrical dipolar
structure. This would indeed increase the intensity of the transition as dictated by Laporte

selection rules.?’

The typical photo-isomerization behaviour of the azos is shown in Figure 2.6 and
Figure 2.7. The parent azo compound is shown in Figure 2.6 and an ortho substituted azo
(azo5) is show in Figure 2.7. Upon irradiation with 365 or 523 nm light the n-n* transition
blueshifts and its intensity decreases. For Azol, the n-n* transition remains isoenergetic
and the intensity of the transition increases. Whereas for the fluorinated azos, the n-n* is
blueshifted, which can be attributed to the increased steric clash between lone pair electrons
and ortho fluorine groups, as discussed previously. Indeed, these spectroscopic changes
are indicative of the cis configuration in solution.*! Thus, we can rationalize that the frans-
to-cis photo-isomerization process for these azos is quite similar to what is observed in
other organic solvents. Furthermore, the photo-dynamics associated with the trans-to-cis

isomerization process remains constant in aqueous media.
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Figure 2.6. Photo-isomerization of azol in distilled water after irradiation for 2 minutes
with 365 nm light. In blue is shown the initial azobenzene, composed predominately of the
trans isomer. Upon irradiated the m-n* peak at ~323 nm decreases and shifts to ~285 nm,
indicative of the cis isomer, as shown in red. Furthermore, the n-n* transition associated
with the peak at ~425 nm also increases, as expected with the cis isomer.
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Figure 2.7. Photo-isomerization of azo5 in distilled water after irradiation for 10 minutes
with 532 nm light. The initial trans azo is shown in purple. Upon irradiation, the intensity
of the m-n* peak at ~318 decreases and the n-n* at ~435 nm increases. Both peaks also shift

to new wavelengths indicative of the cis isomer, shown in green.
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After irradiation, the azos can be monitored over time to observe the thermally induced
cis-to-trans isomerization. Figure 2.8 shows this process. For Azos2-3 irradiation with 365
nm light yields no difference to the UV-Vis spectra in aqueous media. However, the
isomerization process can be observed in organic solvents, such as in DCM (Figure 2.8). It
can be deduced that the cis-to-trans isomerization is too fast to observe via UV-Vis
spectroscopy, as expected for these amino-azobenzenes.’® Pump-probe spectroscopy was
therefore used to analyze these samples. The typical results acquired from these

experiments are shown in Figure 2.9.
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Figure 2.8. Typical thermal relaxation of cis azobenzene monitored by UV-Vis and the
extrapolation of the change in absorption when fit to first order kinetics (inset). The
irradiated sample is shown in red and is composed predominately of the cis isomer. Over
time the sample relaxes back to the trans isomer (pink) as shown by the arrow. This specific
data is from Azo2 in DCM.
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Figure 2.9. Typical data acquired from pump-probe spectroscopy. Irradiation at ~0.6
seconds induces a decrease in the transmission at 455 nm due to the tran-to-cis
isomerization. Transmission subsequently returns to the initial state following 1°' order
kinetics. Note: Transmission raw data show are shown; kinetic analysis used Absorbance.

With both techniques, the absorption (or transmission) of the sample decays

exponentially overtime, indicative of 1% order kinetics. The following 1* kinetic equations

can then used to determine the half-life of the cis isomer:

Atrans - A(t)
x (t) = —tans LY 1
Atrans - Acis )
In (x(t)) = x, — kt 2)

Where A(t), Awans, and Acis, are the measured absorbance of a mix of trans and cis,
absorbance of the pure frans isomer, and the absorbance of the cis isomer, respectively.
Thus, x(t) represents the normalized percentage of the cis isomer in solution. Following

first order kinetics, a plot of In(x(t)) vs time should yield a linear line with a slope equal to
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the reaction constant, £.°7 Such a plot is shown in the inset in Figure 2.8. These calculations
are analogous to those used for pump-probe experiments; however, in those cases
transmission was used opposed to absorbance. Once the reaction constant is calculated the

half-life of the cis isomer can be determined through the following equation:

In(2)
T2 = Tk 3)

By repeating these experiments at different temperatures, the thermodynamics
associated with the thermal relaxation process can be acquired. Specifically, the rate
determination of rate constants at different temperatures can be fit to the following

equation:

lk—lAEa 4
nk =In RT )

Thus, an Arrhenius plot of Ink vs 1/T yields a linear line with a slope equal to the activation
energy, Ea, over the gas constant, R, and a y-intercept equal to natural log of the pre-
exponential factor, 4. This was done with for the azobenzenes monitored via UV-Vis and

the results are shown below in Figure 2.10.
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Figure 2.10. Arrhenius plots obtained for the thermal isomerization process for the azos
monitored through UV-Vis. Plots yield a slope equal to —E2/R and y-intercept equal to In4,
as per equation 4).

The key findings from the aforementioned cis thermal isomerization experiments are
summarized in Table 2.2. Here, the computed values from the experimental spectroscopy
methods are presented. For the azos with slower thermal relaxation processes (Azol, Azo4,
and Azo5) the thermodynamics and half-life associated with the cis-to-trans isomerization

is presented. For the azos with faster isomerization processes, only the computed half-lives

from pump-probe experiments are listed.
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Table 2.2. Experimental thermodynamics & kinetics of the thermal cis-to-frans relaxation
for the azo derivatives in water.

Sample Ea (kJ) A T,,at 25°C
Azol 96.9 1.42E+13 3.21 days
Az02 NA NA 0.45 seconds
Azo03 NA NA 0.34 seconds
Azo4 98.5 1.04E+12 57.85 days
Azo05 97.6 1.22E+12 72.13 days

Contrary to the trans-to-cis photo-isomerization process, the cis-to-frans isomerization is
highly solvent dependent. Specifically, Azo2 and Azo3 show a challengingly short half-
life of the cis isomer on the millisecond timescale. Other authors have associated these
short half-lives to the stabilization of a planar dipolar transition state,”® however,
interestingly when comparing the fluorinated azos to the parent compound the activation
energy for the thermal relaxation process is quite similar, however, the pre-exponential
factor changes significantly. This suggests that the transition states for these process is the
same and the differences in the kinetics can be attributed to the solvent-solute
interactions.’” One possible theory is the influence of hydrogen bonding with the nitrogen
lone pairs of the azo.*’ This could therefore be another mechanism contributing to the
decreased half-life of the cis isomers for azo2-3: the presence of electron-donating or
withdrawing groups could help facilitate this interaction and lead to a further decrease of

the observed half-life.
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2.4.3 Rationalization of Substituent Effects through Computations

To validate the use of this level of theory for the computations, different models were
tested to evaluate their efficiency at predicting the n-n* transition of the parent compound
in water. As mentioned previously, the CAM-B3LYP and PBEO functionals are the most
prominent theories used in the literature.??3*% Figures 2.11 and 2.12 show the accuracy of
these theories at predicting the m-n* excitation wavelength when different basis sets are

used.
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Figure 2.11. The effect of the basis set on predicting the n-m* transition in water using the
PBEO functional with a PCM model. Here, the error can be up to 20 nm. Despite this, the
PBEO functional with a cc-pvtz basis set was used in future work as a comparison.
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Figure 2.12. The effect of the basis set on predicting the n-n* transition in water using the
CAM-B3LYP functional with a PCM model. Based on these results, the CAM-B3LYP
functional with a 63311+(2d,p) was used in future work.

As shown, the PBEO functional drastically underestimates the energy required to induce
the m-n* transition. Although the PBEO/cc-PVTZ model has previously been used to
predict these transitions in the literatures, here it is shown that this level of theory can be
off by as much as 20 nm when working in aqueous media.'®® Contrarily, the CAM-B3LYP
functional behaves quite well regardless of the basis set used. One interesting note is that
the trend is the exact same regardless of the functional. In other words, when working with
the PBEO functional similar results are obtained however with an increased error. This
indicated that the CAM-B3LYP functional is superior for these systems. To minimize the
computational time and correlate the results with previous work, the triple zeta 6311+(2d,p)

basis set was used for the rest of the azos and future computations.
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Figure 2.13 displays the breadth of optimized structures obtained using DFT. While all
the cis isomers display similar geometric conformations, the frans isomers of the

fluorinated azos differ from that of the other azos.

Figure 2.13. Typical optimized structures acquire using the CAM-B3LYP/6311+(2d,p)
level of theory, showing the parent (Azol) trans (left) & cis (middle) isomer and a
fluorinated trans isomer (right).

Unlike Azol-3, Azo4-5 trans isomers display a non-planar conformation that can be
attributed to the steric clash between the ortho-substituted fluorines. These findings
correlate with the observed UV-Vis spectra, as the decrease in the symmetry of the
molecule would promote the n-n* as dictated by Laporte Selection Rules. This is observed
in the UV-Vis spectra of these azos as the intensity of the peak associated with the n-m*
transition is almost equivalent in both the #rans and cis conformation. Whereas for Azol,

the intensity of the n-m * transition significantly increases when in the cis conformation.

Table 2.3 shows the computed n-n* and =m-n* transition wavelengths and the
experimentally observed values. As shown, the calculated n-n* transition for the trans
isomer is very close to what was observed experimentally (within 5 nm). Indeed, with
regards to this transition, the CAM-B3LYP/6311+(2d,p) PCM model properly
accommodates the substituent effects of the all the azobenzenes tested. Contrarily, the
energy of the n-n* is typically underestimated in this model. This can most likely be

attributed to the fact that an implicit solvent model was used and thus neglects the
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influences of specific solvent-solute interactions, such as hydrogen bonding. This is
especially problematic for the fluorinated azos as this parameter is crucial for isomerizing
the azos with visible light. In order to increase the viability of these molecules for
biomedical devices they must use lower energy light, therefore, methods to more accurately
predict this transition energy would be highly beneficial. Furthermore, the estimated
transition energies associated with the cis isomer can also be improved. Again, this is
crucial for the fluorinated azos as the separation of the n-n* transition of the cis and trans
isomer is a fundamental requisite for obtaining a high percentage of the cis isomer when
photo-isomerizing with green light. Interestingly, an idea of the UV-Vis spectra associated
with cis Azo2 and Azo3 in aqueous media can also be obtained. However, as these systems
could not be observed experimentally, the validity of the results cannot be confirmed.
Nevertheless, the accuracy of the model with the other cis molecules supports these
findings. For consistency, the transitions were also evaluated at the PBE/cc-pvtz level of
theory, as this has been previously been used by other authors in organic solvents.
However, here it is clearly demonstrated that the CAM-B3LYP/6311+(2d,p) is more
appropriate for predicting these samples transition energies than the PBE/cc-pvtz method,

especially with regards to the trans excitations (Table 2.3 & Table 2.4).
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Table 2.3. Computed excitation energies for the trans isomer using the CAM-
B3LYP/6311+(2d,p) & PBEO/cc-pvtz methods.

Experimental Calculated Calculated
n-n* & n-m* (CAM-B3LYP) (PBEO)

Derivative

Azo02 346 & NA 342 & 433 365 & 499

Azo4 317 & 439 321 & 463 365 & 512

Table 2.4. Computed excitation energies for the cis isomer using the CAM-
B3LYP/6311+(2d,p) & PBEO/cc-pvtz methods.

Experimental Calculated Calculated
n-n* &n-n*  (CAM-B3LYP) (PBEO)

Derivative

Azo02 NA 289 & 456 308 & 472

Azo4 374 & 421 289 & 451 317 & 465
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As shown in Table 2.3, the CAM-B3LYP/6311+(2d,p) method is superior in predicting
both the © -n* and n-n* transitions for the frans isomer. Although the method is better at
predicting the m-m* transition, the accuracy of the n-m* transition wavelength is still
superior to that of the PBEO method. With regards to predicting the cis excitation energies,
both methods are less accurate. However, the CAM-B3LYP/6311+(2d,p) method does
reasonably well at predicting the n-n* transition energies for the ortho-substituted azos.
For these derivatives this excitation energy is of more important, as this directly affects the
cis:trans ratio in solution upon irradiation.’* Thus, the fact that the CAM-
B3LYP/6311+(2d,p) method predicts this accurately is valuable, even if it comes at the

cost of inaccurately predicting the n-n* transition.

To further elucidate the substantial acceleration of the thermal isomerization the
potential energy surface about the nitrogen-nitrogen double bond was evaluated and from
this optimized transition states were determined (Figure 2.14). This roughly approximates
the change in energy when the bond is rotated and/or inverted.’” It has been noted that the
thermal isomerization of azobenzene can proceed through an inversion, rotation, or
concerted rotation and inversion mechanism.*! From these energy landscapes it can be
hypothesized that a concerted mechanism is the favourable pathway when working in
aqueous media. Furthermore, Table 2.5 shows the activation energy associated with the
transition state structures with regards to this pathway. As shown, the activation energy
follows the trend displayed by the measured experimental half-lives. However, it should
be noted that these computed values disregard the pre-exponential factor and therefore

cannot accurately predict the thermal half-life to a reasonable degree. However, these
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values do shed light on the trends associated with substituents when working in aqueous

media.
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Figure 2.14. Schematic of the scan angles used to analyze the thermal relaxation of cis
azobenzene (top left) and the energy landscapes obtained from the scans. These images
provide rough ideas of the energy cost associated with conformational changes of the
molecule. Following the y (¢) & x-axes (0) yield the energy changes associated with the
rotation and inversion pathways, respectively. A concerted pathway would be any path
between the two.
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Table 2.5. Computed activation energies using the QST3 method compared to
experimental results.

Sample Experiment E, (kJ) T,,at25°C Calculated E, (kJ)
Azol 96.9 3.21 days 109.8
Az02 NA 0.45 seconds 106.4
Azo03 NA 0.34 seconds 104.7
Azo4 98.5 57.85 days 114.3
Azo05 97.6 72.13 days 112.7

From the experimental and computational findings the azo derivatives can be
grouped into two categories: fast and slow switches. The amino-type azos (Azo2 and Azo3)
display significantly fast kinetics, and are affected by aqueous solvents. For this reason
they would be appropriate for applications that require fast photo-switches, such as
optoelectronics. However, in these applications other previously proposed derivatives
would probably be more preferable.>* More interesting are the slow switches: Azol, Azo4,
and AzoS5. Here it can be noted that the aqueous solvent does not affect the isomerization
process of azobenzene-type or ortho-fluorinated azos. These azos display sufficiently slow
kinetics such that binary systems can be obtained. This is ideal for biological applications
that must transfer smoothly between two states. This provides a rational basis for authors

to design azo derivatives for aqueous systems moving forward.
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2.4.4 Self-Assembly of Azo-PolyA Systems

The strands synthesized can be crudely characterized into two groups: fibre forming and
fibre non-forming. The typical CD results for these strands when annealing with cyanuric
acid are shown in Figure 2.15. As shown in blue, two distinct peaks at 212 nm and 252 nm
can characterize the fibre forming strands. Contrarily, the unassembled strands have no

peak at 212 nm; however, surprisingly, show a fairly strong band at 252 nm.
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Figure 2.15. Typical CD spectrum acquired with the formed fibres (blue) and when the
fibres do not form (red). The strong negative peaks at 252 nm & 212 are indicative of the
chiral fibres.

Upon heating a sigmoidal curve can be obtained while monitoring the CD reading at 252
nm (Figure 2.16). This is indicative of a phase transition and can be attributed to the
disassembly of the fibres.! Interestingly, the polyA strand with azobenzene on the 3* and

5’ end undergoes two phase transitions when heated (Figure 2.16). Although the nature of
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these transitions is unclear, such transitions have also been observed in other polyA-
cyanuric acid systems.! It is hypothesized that the AzoPolyA14Azo system obtains a unique
morphology at cooler temperatures. Specifically, the azo motifs in the 5* and 3’ position
can stabilize a phase between 5 to 20°C. After which, the sample transitions to a state
similar to the other samples, that eventually melts ~35°C. This hypothesis will be further

supported by the AFM images presented later.
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Figure 2.16. Melting curves of the DNA-azo fibres. The majority of strands displayed a
single asymptotic curve indicative of one phase transition. However, the AzopolyAi14Azo
strand displays two (purple).

Table 2.6 summarizes the results acquired from these experiments while classifying the
strands synthesized. Interestingly, the placement of azobenzene into the interior of the
strand seems to inhibit the fibre formation. Indeed, both strands with this design are unable
to form fibres. However, the introduction of azobenzene into the exterior of the strand
seems to stabilize the fibres. In particular, the melting temperature associated with

polyA9Azo is much higher than polyAio strands without the azobenzene (~5 °C).! This
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can most likely be attributed to the intercalation of the azo between the adenine and
cyanuric acid motifs as it has been demonstrated that intercalating molecules can stabilize

DNA duplexes.!01:102

Table 2.6. Classification of the synthesized strands and their melting temperatures.

Sample Sequence (5’-3°) Fibre Tm (°C)
Forming
PolyAsAzoAs AAAAA-Azo-AAAAA No NA
PolyA7AzoA7 AAAAAAA-Azo-AAAAAAA No NA
PolyAyAzo Azo-AAAAAAAAA Yes 24.5
PolyA14Azo Azo-AAAAAAAAAAAAAA Yes 23.9
PolyA14Az02 Az0-Azo-AAAAAAAAAAAAAA Yes 24.2
AzoPolyA1sAzo Azo-AAAAAAAAAAAAAA-Azo Yes 13.3&35.4

These phase transitions can be better rationalized through AFM, as shown in Figure
2.17. As shown, the strands with azobenzene on the 5’ end all show a similar morphology
of intertwined fibres. While the height of each sample remains approximately constant, the
morphologies do display slight differences. Notably, the AzoPolyA14Azo sample tends to
have a shorter persistence length and does not appear to form networks as easily. On the
other hand, the other samples all appear to have a high degree of crosslinking between

strands. This indicates that the azo moiety could be inhibiting the elongation of the rosettes.
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Figure 2.17. AFM images of the fibre forming Azo-DNA strands: (a) PolyAsAzo (b)
POlyA14AZO (c) POlyAmAZOz & (d) AZOPOlyAmAZO.

In accordance with the CD results, AFM images of strands with azobenzene in the middle
of the strand were inconclusive and did not display any larger aggregates. To further
elucidate the phase transitions observed in these samples, it would be beneficial to obtain

AFM images at various temperatures.

74



Chapter 3: Conclusions & Future Work

3.1 Summary

A variety of water-soluble azobenzenes have been synthesized to further analyze
the photo-isomerization process in water. In particular, three main types of azos were
synthesized: azos with mild electron influencing groups (azobenzene type), strong electron
influencing (amino-azos), and the relatively new ortho-halogenated azos. In these
compounds it was evident that the photo-isomerization in water varied significantly for the
amino-azobenzene type derivatives. Similar to “push-pull” azos, it was demonstrated here
that these azo derivatives have a highly accelerated thermal relaxation process and,
additionally, tend to have subtle changes in the absorbance spectra when solvated in water.
To observe the photo-isomerization process for these azos more advanced non-linear
optical techniques (pump-probe spectroscopy) were needed. Through pump-probe
spectroscopy, the half-lives of these derivatives were able to be quantified in water and
proved to be significantly faster than in organic solvents. This deems these types of
azobenzenes more suitable for applications where fast processing is necessary, and
inadequate for applications that require dual functionality based on photo-isomerization.
Contrarily, the other azo derivatives were unaffected when introduced into water. The
characteristics of the photo-isomerization tend to be similar to that of polar organic
solvents, however, there were changes in their UV-Vis spectra. In particular, there was a
large red-shift associated with the absorption spectra. Of these, the ortho-fluorinated
derivatives displayed particularly promising behaviour, especially with regards to

biological applications. This is due to the fact that wavelength of light required to induce
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the trans-to-cis isomerization is quite high and that the cis isomer displays a high thermal
stability. The lower energy wavelengths required improves the viability for subdermal
applications as longer wavelengths typically display better penetration properties.
Additionally, the high thermal stability displayed by these derivatives would also enable
materials that can act as binary systems, which exist in either the trans or cis state.
However, their relatively low synthetic yield currently hinders their applicability. The two
ortho-substituted derivatives synthesized in this study were particularly demanding with

regards to their synthesis, and therefore, decreased their viability for further studies.

To provide further insight into these experimental findings ab initio computational
methods were used to analyze these photochromes. First, the geometries of the azo
derivatives were optimized for the frans and cis isomer, to give an idea of the
conformational changes that may be occurring the aqueous media. Further transition state
calculations also provided insight into the relative activation energies that may be
necessary to induce the thermal cis-to-frans isomerization in water. By scanning the
potential conformational isomers that may be occurring in solution, potential transition
state structures could be proposed. Then, by implementing the QST3 method theoretical
transition state structures could be obtained which could be quantitatively compared to the
cis and trans isomer. This ultimately helped to rationalize the large differences in the half-
lives observed between the synthesized derivatives. Furthermore, these studies provide
insight on methods to better predict the photodynamics of azobenzene derivatives in water.
Specifically, the CAM-B3LYP/6311+G (2d,p) level of theory proved to be more accurate

at predicting the excitation energies of these derivatives than the PBEO/cc-pvtz. This aids
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in the notion that this functional and basis set should be the preferred theory when

analyzing azobenzene derivatives in aqueous systems.

Lastly, based on the promising photo-isomerization characteristics of Azol, this
derivative was integrated into a pre-existing supramolecular DNA polymer system. By
inserting the azobenzene motif into different positions on the polyA strand, its effect on
the self-assembly process was analyzed. Interestingly, it was observed that placing the azo
in the middle of the polyA strand inhibited the formation of fibres. However, when placed
on the exterior of the strand (on the 5” or 3’ end), the fibres were able to form as usual. In
fact, the stability of these fibres where typically enhanced when compared to the azo free
counterparts. However, for the most part, differences in the placement or quantity of azo
motifs in these regions did not significantly alter the fibre morphology, as observed by
AFM. The one exception was the situation where the azo motif was placed on the 5 and
3’ end of the DNA. In this case, shorter fibres were observed by AFM and the sample
appeared to undergo two phase changes when heating from 5°C to 45°C. These findings
can be rationalized by the hypothesis that the azo motif is intercalating between adenine
base pairs. It is believed that these intercalating units would increase the thermal stability
of the fibres, while simultaneously offering opportunities for different aggregation

pathways.
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3.2 Future Work

Based on the presented work there are still many unanswered questions and
opportunities to extend promising work. As noted previously, one of the main types of
azobenzene, “push-pull” azobenzenes, were not analyzed in this study, due to the fact that
they are hypothesized to possess extremely fast kinetics in water. It would therefore be
interesting to extend this work to this class of azos, albeit another optical setup may be
necessary. Nevertheless, once quantitative experimental results are obtained the
computational methods conducted in this work could also be applied to these systems. In a
similar vein, accelerating the cis-to-trans isomerization rate of the amino-azos through
thermal heating would also be very interesting. By analyzing the rate of these azos at
different temperatures quantitative values for the thermodynamics of this process, such as
the activation energy, could be determined and further verify through computational
results. This would aid in the development of novel azos with optimal photodynamics in

water.

Of the azos studied the ortho-fluorinated derivatives displayed the most intriguing
properties for biological systems. However, it should be noted that while classed as “ortho-
halogenated” azos, these azos could secondarily be classed as “azobenzene-type” azos, due
to the fact that they lack strongly influencing substituent groups in the para position. For
this reason, it would be extremely interesting to apply this study to the isomerization
process of other ortho-halogenated azobenzenes. For example, ortho-fluorinated azos with
a strong electron donating or withdrawing group in the para position. As noted in this
study, these amino-type azobenzenes display a significantly accelerated thermal

isomerization when solvated in aqueous systems. However, the ortho-halogenation of
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azobenzene leads to longer half-lives of the cis isomer. As such, in the case of ortho-
halogenated amino azobenzenes the thermal relaxation may be retarded due to the
increased stability of the cis isomer afforded by the ortho fluorine groups. This could
further elucidate the impact of water on the isomerization process as the kinetics of these
amino-type azos could be monitored through linear spectroscopic techniques at varying
temperatures. Thus, the thermodynamics associated with the reaction could be determined

experimentally, a factor that was missing in the preceding work.

By coupling this work again with computational results, a platform can be
developed to optimally predict the photodynamics of azo derivatives completely through
in-silico methods. If used in the same manner as the work presented here, the experimental
activation energy of the azos couple be verified by DFT calculations. Through these results,
insight into the differences in the mechanism of the thermal relaxation and the energy
landscape of each isomer and derivative could be obtained. In a similar vein, TD-DFT
calculations could also be conducted as means to accurately predict the required excitation
wavelength to induce the isomerization process. Furthermore, as the field of computational
chemistry develops there are rising techniques that may be beneficial to further analyze
this study and future work. For example, recent work in the field of quantum
mechanics/molecular mechanics (QM/MM) has proven to be a successful method to
explain the exact mechanism underlying the azobenzene photo-isomerization.” With these
methods, the exact mechanism of the trans-to-cis or cis-to-trans isomerization can be
obtained. Monitoring how a molecule adapts when perturbed by an external energy on the
picosecond timescale allows researchers to build reliable movies that display isomerization

process. Therefore, applying these methods to aqueous systems could present a promising
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opportunity to better predict the characteristics of these systems. In particular, how these
derivatives are affected by the local environment will have a large impact on further
applications. It may be noted that each system is unique in its isomerization process, due

to the subtle changes in the local environment.

Lastly, the results acquired from integrating azobenzene into the polyA-cyanuric
acid systems were still in the preliminary stages and could be extended further to better
understand the system. Firstly, it would be important to conduct experiments to better
rationalize the impact of azobenzene on the self-assembly process. Obtaining AFM images
of the samples when they are prepared at different temperatures could do this. Furthermore,
quantifying the size of the fibres through methods such as dynamic light scattering (DLS)
would also provide further insight into the final structures obtained. This technique also
has the added advantage that it can be conducted at various temperatures. Once properly
analyzed the optimal placement of the azo benzene and ratio of polyA:azo could be

determined to have the most significant impact.

Another key aspect to the azo-DNA system presented is that all the samples had a
predominately large portion of the trans isomer and very little of the cis. Indeed, due to the
annealing process and the careful procedures to keep the samples in the dark, the
percentage of the trans isomer is estimated to be higher than 95%. Interestingly,
preliminary studies to isomerize the sample proved unsuccessful, however, this may be due
to inadequate irradiation times or insufficient light intensity. The acidity of the system and
counter-ions in solution may also be effecting the isomerization. Regardless, how the
isomerization process would impact the stability and morphology of the samples is highly

intriguing. Further studies to quantify the quantum efficiency of these systems would be
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the preliminary steps to move forward in this work. Once the isomerization process is

verified, the fibres can be analyzed by the same techniques that were presented in this work.
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Appendix

The following NMR data is presented as a means to assist future students in their
work. For simplicity, only the 'H data is presented as these served as adequate means to
identify the synthesized compounds. The references stated throughout the methods
section would also be helpful in this regard, however, they typically do not show the full
NMR spectra.

'H NMR Data

Bis(hydroxymethyl)azobenzene (Azol)
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2-Cyanoethyl-4-0-{[4-hydroxymethyl-4’-O-(4,4 ’dimethoxytrityl)-O-methyl-
diazenyl]kon}-N,N’-diisopropylaminophosphoramidite (Azo1b)
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4-hydroxymethyl-4’-nitro-azobenzene (Az03)
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4-amino-3,5-difluorobenzyl alcohol & 4-amino-2,3,5,6-tetrafluorobenzyl alcohol (4d &
5a, in order)
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bis(2,6-difluoro-4-hydroxymethyl)diazene (Az04)
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