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Abstract

This thesis explores a variety of applications for photoactive materials based on the
azobenzene chromophore. Chapter 1, the introduction, provides background and context for the
research chapters. The second chapter expands on the experimental methods described in the

research chapters, providing additional details not covered in the chapters themselves.

Chapter 3 explores the fundamental limits of the characteristic trans-cis isomerization of
these molecules under extremely high pressure. Pressure has been implicated in several well-
studied applications of azobenzene-functionalized polymers: namely the formation of surface
relief gratings as a result of surface mass transport, azo-functionalized liquid crystal systems for
photomechanics, and the use of azobenzene chromophores as ‘molecular muscles’ for molecular

machines.

Chapter 4 describes our efforts to create a photo-induced change in the wettability of a
photonic nanostructure. Azobenzene-functionalized polymers have been demonstrated to undergo
a light-induced change in surface energy, and this research applied that effect to inverse-opal
photonic crystals. The result was a photonic crystal that could be used for liquid identification,
based on the disappearance of structural colour upon wetting. The change in wettability could be
tightly controlled by the amount of light exposure, which could distinguish between liquid
mixtures in increments as small as 2.5 vol %. The resulting structures hold applications in
microfluidics as remote, light-activated liquid gates, or as sensitive anti-tampering and encryption

devices.

The final two research chapters, 5 and 6, describe the development of an all-optical
detection system for neural impulses. Chapter 5 outlines the synthesis and characterization of
several candidate boronic acid-functionalized azobenzene derivatives, which undergo a change in
visible absorbance spectrum upon exposure to the neurotransmitter dopamine. The indicator
molecules were assessed based on the degree of change in their visible absorption spectrum, as

well as the concentration of analyte required to induce the change.

The candidate indicator molecules were incorporated into polyelectrolyte multilayers in

Chapter 6, allowing them to be applied as coatings to fibre optics to act as implantable detectors
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for neural activity. The polyelectrolyte multilayers act as a support matrix for the detector
molecules, while simultaneously enhancing the biocompatibility of the substrate. The indicator
molecules were incorporated into the multilayers through covalent attachment, or electrostatic
attraction. The coated fibre optic detectors were assessed for their colourimetric response to pH-

balanced solution-phase neurotransmitters, as a model for a biological system.
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Résumé

Cette thése explore une variété d’application de matériaux photo-actifs basés sur le
chromophore azobenzeéne. Le premier chapitre, I’ introduction, présente le contexte et I’information
nécessaire a la compréhension des chapitres de recherche. Le second chapitre développe les
méthodes expérimentales décrites dans les sections de recherche, en fournissant des détails

additionnels qui ne sont pas abordés dans lesdits chapitres.

Le troisieme chapitre explore les limites fondamentales, sous pression extréme, de
I’isomérisation trans-cis, caractéristique de ces molécules. La pression a déja été mise en cause
dans plusieurs applications bien étudié¢s des polyméres fonctionnalisés d’azobenzéne: notamment
pour la formation de « surface relief grating » résultant du transport de masse en surface, de
cristaux liquide fonctionnalisés azo pour des systemes photomécaniques et dans 1’utilisation de

chromophore d’azobenzéne comme « muscle moléculaire » pour machines moléculaires.

Le quatrieme chapitre décrit nos efforts pour contrdler des changements photo-induits du
mouillage d’une nanostructure photonique. Il a ét¢ démontré que I’énergie de surface des
polymeéres fonctionnalisés d’azobenzéne, lorsque irradiés par la lumiere, manifeste des
changements. Cette recherche a appliqué cet effet a des cristaux photonique opale-inversé. Ceci
résulte en un cristal photonique pouvant étre utilise pour I’identification de liquide, basée sur la
disparition de la couleur structurelle lors de mouillage. Les changements en mouillage peuvent
étre minutieusement controlés par la quantité d’exposition lumineuse, ce qui permet de distinguer
certain mélanges de liquides par changement de composition aussi petit que 2,5% du volume. La
structure résultante peut €tre utilisée en « micro-fluidique » en tant que grille liquide activé a

distance par lumicre, ou en tant que composante sensible au sabotage et a 1I’encryptage.

Les deux derniers chapitres de recherche, cinq et six, décrivent le développement d’un
systéme entierement optique pour la détection d’impulsions neuronales. Le chapitre cinq décrit la
synthése et la caractérisation de plusieurs dérivés d’azobenzene fonctionnalisés avec la fonction
acide boronique qui subissent un changement dans leurs spectres d’absorption visible

lorsqu’exposé au neurotransmetteur dopamine. Ces molécules sondes ont été évalué par I’ampleur
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du changement de leur spectre d’absorption visible ainsi que par la concentration d’analyte requise

pour induire ce changement.

Le chapitre six explique comment les sondes moléculaires ont été incorporées dans des
multicouches poly-¢électrolytique, permettant ainsi de les appliquer comme enduit sur fibre optique
pour agir comme détecteur implantable pour 1’activité neuronale. Les multicouches poly-
¢lectrolytique agissent comme matrice de support pour les molécules de détection en plus
d’augmenter la biocompatibilité du substrat. Les molécules sondes ont été incorporés dans les
multicouches par liaison covalente ou par attraction ¢électrostatique. Les détecteurs enduits sur les
fibres optiques ont été évalué par leur réponse colorimétrique a des solutions a pH balancé de

neurotransmetteur, servant de modele pour un systéme biologique.
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Chapter 1: Introduction

1.1 Azobenzene

Azobenzene is composed of two benzene rings joined by an N=N bond. The conjugated
structure yields a chromophore with a high extinction coefficient which can be tuned, via
substitution on the rings, to absorb light with energy ranging from the near-UV! to the red.?
Derivatives of the parent compound are ubiquitous in industry and everyday life: they make up
more than 70% of commercial dyes, owing to their durability towards irradiation, as well as their
highly variable colour.** What makes azobenzene different from other chromophores, and as a
result so well studied,’® is its ability to undergo reversible isomerization about the N=N bond from
the frans to the cis isomer, as discussed in detail in Section 1.1.2. The frans-isomer is the more
stable under normal circumstances, however the cis isomer can be ‘locked’ sterically by
substitution in special cases.” The isomerization from #rans to cis proceeds photochemically, via
absorption of a single photon, while the reverse process can proceed either photochemically or

thermally.
1.1.1 Absorption Spectra and Isomerization Kinetics

Azobenzenes have classically been organized into three broad classes as defined by Rau
(see Reference 10): the azobenzene-type, with the longest half-lives of the cis-isomer (hours—days)
and most blue-shifted absorption spectra (UV-blue); the aminoazobenzenes, with an electron-
donating substituent, slightly red-shifted absorption (blue—blue-green), and shorter half-life
(minutes—hours); and the pseudostilbenes, with alternate electron-donating and electron-
withdrawing groups on opposite ends of the molecule, the most red-shifted absorption spectra
(green), and shortest half-lives (minutes—seconds). In addition, the absorption spectra of the
azobenzene-class tend to exhibit well-separated n—n* and n—n* transitions, while those of the
pseudo-stilbene class exhibit significant overlap. There are, inevitably, many exceptions to these
general rules,!' however these guiding principles are still useful when designing new
chromophores. Examples of derivatives with exceedingly long!? or very short!® half-lives exist,
as do derivatives with extremely red-shifted absorption spectra,” or the spectral properties that

resemble the separated absorption features of azobenzene-types, but with the red-shifted Amax



characteristic of the pseudo-stilbenes.!* These exceptions enrich the overall chemistry of the field,

and demonstrate the versatility and control possible using the azobenzene chromophore.

The quantum yields of azobenzene isomerization are generally quite high!>! and few side
reactions are observed. This stands in contrast to the geometrical analogue stilbene, where the
N=N moiety is instead replaced by CH=CH. Stilbene undergoes a photo-induced cyclisation to
dihydrophenanthrene, which gradually (via oxidation) changes to phenanthrene, which is stable
and has no photo-activity. Azobenzene derivatives are not prone to this reaction, and instead can
undergo many cycles of isomerization under ambient light conditions without significant

degradation.?’
1.1.2 Azobenzene Isomerization

Although initial interest in azobenzene derivatives was for use as dyes due to their vibrant
colours, Hartley! noted an interesting effect over 80 years after the first reports of the synthesis of

azobenzene.?'??

While attempting to determine the solubility of azobenzene, he noted that
exposure to light appeared to influence both the solubility and the molar absorption coefficient of
the chromophore. The compound formed on irradiation was significantly more polar, which
affected the solubility, and that the molar absorptivity in the visible range increased over the initial
sample. He also showed that this new compound could be converted back to the original form by
irradiation with blue light or by heating. He posited that this new form was cis-azobenzene, and
was also able to measure the dipole moment of the new compound at 3 Debye,?* which was later

confirmed by X-ray crystallography.”* Both the geometry and the ability of azobenzene

derivatives to isomerize appears to be quite general (see Figure 1.1)."

trans-azobenzene cis-azobenzene

Figure 1.1 The two isomers of the azobenzene chromophore. frans-Azobenzene is roughly planar
and has no net dipole moment: cis-azobenzene is more globular with the two benzene rings laying

out-of-plane,® and has a dipole moment of 3 Debye.



1.1.3 Azobenzene Absorption and Excited State

Two distinct absorptions arise from the two highest-occupied molecular orbitals: either
directly from the m orbital over the N=N bond, or from the nonbonding n orbitals on the two
nitrogen atoms (HOMO-1 and HOMO, respectively). Regardless of the initial orbital, an electron
is excited to the n* orbital (LUMO), forming the first excited state S;.2

L -

. oo o o 4 4 ‘A

L] [ e JJ" & ° 4 2 @
v we Lo _,.J . "‘ o+ @

L v - o

- - 4 ;"‘; & J °

O % ‘i AW

wi' "’ LUMO 7' . .9
@ PO e gj):

n=n 3.77eV
=077 n-n 279 ey
f=0.91
n-n 2.56 eV
f=0.00 n-n 2.43 eV
f=0.00
¥ ey ,

- %‘ - + & “w " ®
ol 4 " , * 9 4 @
) - o HOMO n g E *J JJ“" *
“.! .‘. HOMO-1 = ‘L e t-*" °
)59 | Y g o

Figure 1.2 Molecular orbital diagrams and oscillator strengths (transition probabilities) of the
possible electronic transitions in azobenzene (left) and 4-(N, N-dimethylamino)-4'-nitroazobenzene
(right). Reprinted (adapted) with permission from Reference 26, Copyright 2006 American

Chemical Society.

In the parent azobenzene molecule, the n—n* transition is symmetry forbidden: this
restriction is removed for most derivatives (since most are not centrosymmetric), however overlap

between the orbitals remains poor and the extinction coefficient tends to be much lower for this



transition (see transition probabilities in Figure 1.2). This transition can gain intensity via coupling
with an appropriate vibrational motion, which can serve to temporarily reduce the symmetry of the
molecule, thereby giving some overlap to otherwise orthogonal orbitals. No such symmetry
restriction exists for the m—n* transition, however, giving rise to the large extinction coefficients

characteristic of the majority of azobenzene derivatives (ca. 10° — 10° M'-cm™).
1.1.3.1 Isomerization Mechanism

Although the azobenzene chromophore’s trans-cis isomerization has been known for over
70 years, there is still considerable debate over the mechanism by which one isomer becomes the
other. There are two possible mechanisms by which isomerization can occur: rotation and
inversion. Azobenzene derivatives can isomerize through either of these pathways, as the lone
pairs on the two nitrogen atoms allow inversion. This is not the case for the close structural
analogue stilbene, where the two hydrogen atoms on the C=C bond preclude inversion, leaving

stilbene with only one possible isomerization pathway.

The actual mechanism of isomerization is still the subject of rigorous debate in the
scientific community, and appears to be dependent on the type of azobenzene as well as its
environment. Interpretation of the isomerization based on the classical valence bond theory
suggest that the =—n* excitation favours rotation (as in stilbene), due to the weakening of the n

N=N bond while simultaneously populating the antibonding n* orbital.?’

Alternatively, the n—n*
transition draws electron density from the nonbonding nitrogen orbital and populates the ©* orbital,
allowing for inversion about the nitrogen atom. This mechanism has been corroborated
experimentally with sterically hindered derivatives, where isomerization is still observed even
when the rotation mechanism is impossible.?® Computations and ultrafast measurements, indicate
solvent polarity, viscosity, and the steric and electronic effects of substituents play a large role in

determining the mechanism of isomerization.? ¢

The two isomerization mechanisms also have very different free volume requirements, due
to the different paths the displacing group takes through space. For the parent azobenzene
chromophore, the volume varies from 120 — 250 A? for inversion vs. rotation, respectively.*” The

volume increases substantially as the pendant groups increase in size, which has important



implications for the isomerization kinetics in strained environments such as the crystalline phase,*

and under high external pressure as discussed in Chapter 3.
1.14 Azobenzene Synthesis

The popularity of azobenzene as a photoswitch in diverse applications, as discussed in
Section 1.1.5 below, means that there are no shortage of synthetic methods available to create new
chromophores,* with synthetic methodologies still being developed.’® Perhaps the most common,
though certainly not the first method,?? is the diazonium coupling reaction, colloquially referred to
as the azo coupling reaction. This reaction was the most frequently used in this work, due to its
simplicity and reliability. The general scheme (Figure 1.3) is simple, and the reaction tolerates a

wide variety of functional groups.

@ R’
NH N=N :
0 °C, 15 min 0°C,2h N
R R

R

Figure 1.3 Diazonium coupling scheme. The diazonium cation is formed by reaction of an aniline
with nitrous acid, followed by the addition of an electron-rich aromatic substrate (R'=NH>, OH,

etc.) which attacks the electron poor diazonium resulting in formation of a stable azo bond.

Perhaps the main drawback of this method is the requirement that at least one side of the
desired chromophore must be relatively electron-rich, which limits the utility of the reaction.
Additionally, due to the para/ortho-directing nature of electron-donating groups in phenyl rings,
a variable amount of the ortho-derivative is also formed. This can be minimized by sterically
blocking the ortho-position, which again places additional restrictions on the nature of the
substrate. Alternative synthetic methods for substrates with no electron-donating groups are often
based on direct oxidation of aromatic amines, with the corresponding low yields and high levels
of impurities typical of such oxidations. Direct oxidative coupling of two aromatic amines with
solid potassium permanganate/copper sulfate is a popular example of this method, due to the ease
of preparation and (comparatively) clean product, however the strong nature of potassium

permanganate as an oxidant precludes many sensitive functional groups.*’



One of the greatest weaknesses of oxidative azo coupling reactions for the formation of
asymmetrical products is the statistical nature of product formation, namely AA, AB, and BB.
Several asymmetric methods that involve oxidation of one half of the molecule have also been
proposed to solve this problem, however they also often result in the formation of unwanted

S Alternatively, partial oxidation of an aromatic amine to the nitroso intermediate

byproducts.
(Figure 1.4), followed by an acid-catalyzed condensation reaction with a second aromatic amine,
can yield the corresponding azo derivative. Oxone (potassium monopersulfate), a cheap and mild
oxidation reagent, can give excellent yields of the nitroso compound, though the stability of the

nitroso compound is highly variable depending on the substitution of the ring.>

R
/@/NH? Oxone /©/N\\o + /©/R s: HOAc N /©/
e _ g N
o o'c HoN rt., 2-24 hr /©/
R

Figure 1.4 Azo formation via nitroso intermediate, made via oxidation with Oxone.

Purification is also frequently an issue, as azo compounds almost universally elute as broad
bands when purification is attempted via column chromatography and HPLC, a phenomenon
which is almost certainly aggravated by photoisomerization from ambient light during the
separation. Recrystallization, or the use of repeated chromatographic separations, are often the
best option for purification, both of which have the unfortunate side effect of reduced yield.
Perhaps the only positive feature of azo purification is the easily-identified product band during

chromatography, owing to the bright, vivid colour of the product.
1.1.5 Azobenzene Applications

Derivatives of azobenzene have found many uses in the chemical literature, including as
photoswitches to control protein conformation,> to modulate neural activity (see Section 1.6),>*
to driving molecular machines®® and altering the wettability of complex materials (see Chapter
4)7 Some of these applications are outlined in the following sections, with a focus on those

relevant to Chapters 3 — 6.



1.1.5.1 Photo-Orientation

One of the best-investigated optical properties of azobenzene derivatives is photo-
orientation: the process by which azobenzene chromophores can be “poled” by exposure to
polarized light or electric fields. The review by Natansohn and Rochon covers the mechanisms
and applications of this effect.’® First reported in viscous solution in 1957,%° and “solid solution”
in 1984 using methyl orange doped in poly(vinyl alcohol),*® the effect exploits the dipole moment
of the azo chromophore. Exposure to polarized light induces isomerization in the chromophores,
and the resulting random motion reorients the chromophores. Photon absorption is favoured along
the axis of the molecular dipole: as the chromophores randomly reorient, they statistically become
trapped perpendicular to the polarization of the light, where their absorbance is smallest. This
results in anisotropy in the sample, and any light passing through the medium becomes
sympathetically polarized. Polarization-based diffraction patterns are the basis of holography, and
as a result a considerable amount of research into exploiting this effect followed in the field of data

61

storage.”’ Additionally, because the material is not chemically changed by the data inscription,

the patterns are erasable by light, allowing data to be stored and erased at will.%> 7

The choice of matrix material suspending the azobenzene chromophores is also very
important, as the chromophores need the freedom to reorient themselves. It was found that the
formation of azobenzene microcrystals quenched the effect, as isomerization and orientation are
hindered. Interestingly, if the chromophores are doped in a strongly organized material, such as a
liquid crystal, or if the chromophores are attached directly to the polymer, a larger effect is noted:
the photoisomerization of the chromophores can actually orient the nanoscale domains of the
material itself. Matrix orientation results in a material with much higher anisotropy, since the
matrix also contributes to the resulting optical effects. These effects are heavily affected by both
the temperature at which the pattern is inscribed (relating to the glass transition temperature of the
polymer matrix), and the external pressure applied to the sample. Both temperature and pressure
affect the effective viscosity, or resistance of the material to flow against an applied force, and the
amount of free volume available in the film. The effect of external pressure on photo-orientation
of azobenzene chromophores has been explored in the past by Sekkat et al.: our investigation of

these effects on the rate of thermal cis-trans isomerization is described in Chapter 3.



1.1.5.2 Surface Mass Transport and Surface Relief Gratings

Perhaps the largest-scale effect of azobenzene isomerization is surface mass transport,
where azobenzene isomerization induces large-scale movement in a polymer thin film. Discovered
in 1995, this effect can perhaps be viewed as an extension of the birefringence and domain
reorientation described in the previous section.’” Irradiation with an arbitrary pattern of light, such
as an interference pattern between two laser sources, results in an impression of the pattern in the
thin film (a surface relief grating: SRG). These patterns can be arbitrarily large in area, and the
features demonstrated were on the order of 0.2 um in height and microns wide, and can be
repeatedly erased and re-written, with no lasting damage to the sample (i.e., the writing is not due

to ablation).

z (nm)
100

50

Figure 1.5 Atomic-force micrograph of an SRG inscribed in poly(Disperse Red 1 acrylate).
Reproduced (adapted) with permission from Reference 76, Copyright 2006 American Chemical
Society.

The mechanism proposed for this movement is based on local areas of high pressure, where
the irradiation occurs: as isomerization occurs in areas where the light impinges on the sample, the
higher free volume requirement of the transition state species’’ compared with either of the trans
or cis isomers creates regions of higher pressure, causing the azo-doped polymer to migrate away

from the light.”®



1.1.5.3 Artificial Muscles

A visually striking effect demonstrated by azobenzene materials is the massive macroscale
deformations exhibited by some azo-doped liquid crystalline systems, developed by Ikeda and
coworkers. In one of the seminal reports, irradiation of a small square of LC film with polarized

t.” The azobenzene derivatives

light resulted in deformation towards the source of the ligh
contained in LC domains aligned along the same axis as the irradiation light underwent
isomerization, resulting in contraction of the domains and deformation of the film. The same effect
could be induced in any polarization direction. The deformation could be modulated by alternating
exposure with near-UV (360 nm, to induce deformation) and visible (>540 nm, to return the film
to the resting state). To demonstrate the versatility of this motion, the same effect was

demonstrated using sunlight and a pair of filters.°

A third report harnessed this deformation to perform simple mechanical action: a loop of
azo-LC, by simultaneous irradiation in specific areas with trans-cis and cis-trans isomerizing
wavelengths, was shown to be able to drive a simple set of pulleys.’! In these cases, the
photomechanical effect manifests not as a result of the volume increase due to isomerization, but
by contraction of the LC chains into which the azo moieties are incorporated, as the end-to-end

distance in isomerization decreases.?> %>

The implication of pressure in the formation of SRGs, as well as the actuation of these
molecular muscles makes the effect of external pressure on the formation of these features, as well
as the underlying isomerization driving it, interesting. This is discussed in greater deal in Chapter

3.
1.2  High Pressure Experiments

While it is common practise to vary the temperature when conducting a chemical
experiment, the effect of pressure is much less frequently investigated. This is mostly due to the
relative ease with which one can increase the temperature of a reaction, whereas increases in
pressure generally require specialized equipment and very different protocols. A variety of effects
have been noted in high-pressure studies, such as change in molecular vibrational energy, phase
transitions, changes in molecular symmetry (including changes in spin state), shifts in fluorescence

intensity and peak position, as well as differences in reaction kinetics.®® Many different techniques



are used to investigate these interesting phenomena,?’ some of which are discussed in the following
sections. The discussion of high-pressure experiments in this section are framed in the context of
Chapter 3, where the isomerization behaviour of an azo-functionalized polymer (poly(Disperse

Red 1 acrylate)) was investigated under high external pressure.
1.2.1 The Diamond Anvil Cell

One important tool to study the effects of extreme pressures on chemical systems is the
Diamond Anvil Cell (DAC). The DAC was developed at the National Bureau of Standards (now
NIST) by Charles Weir as a method of attaining extremely high pressures without large,
complicated pieces of machinery.’® The basic principle is quite simple: the sample, which is
generally submillimetre in size, is held between the culets of two diamond anvils by a gasket
(typically stainless steel). The diamond anvils are then forced together by a pressure plate attached
to a cantilever system connected to a knob attached to a spring, which can be turned to increase
the force applied by the lever system. Different versions of the cell have since been developed for
different instrument geometries and orientations, but the basic principles of DAC construction

remain the same, as depicted in Figure 1.6 below.
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Figure 1.6 The basic diamond anvil cell. A) Knob for pressure adjustment B) top diamond anvil
C) lever arm D) top pressure plate E) spring F) bottom pressure plate G) diamond anvil faces with

steel gasket H) diamond anvils assembled as in the cell.

The whole apparatus is small enough to be handheld, and is therefore easy to fit into various
instruments for measurements to be made. Aside from the obvious advantages of having a
handheld cell compared with large hydraulic presses that were previously required for pressure
studies, perhaps the single largest advantage of the DAC is that the pressure-transmitting part of
the cell is diamond, and thus transparent to a very broad spectrum of radiation, which can pass
directly to the sample. The DAC lends itself well to a variety of spectroscopic techniques: IR and

Raman spectroscopy,®® X-ray diffraction,’’

and even more exotic techniques like Mdssbauer
spectroscopy.”’ As well, both low and high temperature experiments can be conducted, with the

proper equipment and minor adjustments to the pressure calibration equations.
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Figure 1.7 Top-down view of a sample inside the DAC. The red sample (PDRI1A, as discussed
in Chapter 3) is in the centre, surrounded by the stainless steel gasket. The geometric pattern is
formed by the facets of the diamond surrounding the flat culet. The white arrow indicates a ruby

chip used for pressure calibration (see Section 1.2.2).
1.2.2 Pressure Calibration

Although the DAC provides a facile method of applying pressure to samples, it offers no
intrinsic method of measuring the pressure inside the cell. Instead, a number of different internal
standards are available, depending on the type of measurement and the desired pressure regime.
For X-ray type measurements, a sample with a known change in unit cell parameter can be

® or a variety of metals.”!

included with the sample, such as solid rare gasses of neon,®
Measurements with an infrared spectrophotometer can be calibrated using the asymmetric
stretching bands of the nitrite and nitrate ions, which have a well-characterized change in

wavenumber position as a function of pressure.””

The most popular method of pressure calibration inside the DAC makes use of the highly
pressure-dependent wavelength of the ruby R, fluorescence line, which corresponds to the 2E—*A,
electronic transition.”! This transition occurs at 694.3 nm at ambient pressure, and can be excited
by visible green-blue light. The resulting deep red fluorescence can be analyzed by a fluorimeter

(or a Raman spectrometer), and converted into a pressure value using Equation 1.1:
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b
P(Mbar) = %((%) - 1) Equation 1.1

where a and b are empirical parameters (a = 19.04, b = 5), A, is the fluorescence wavelength at
ambient pressure (4o = 694.3 nm), A1 is the change in wavelength at pressure, and P is the pressure
expressed in megabars. This relation holds between 1 bar and 1 Mbar (100 kPa to 100 GPa) to
within 0.1%.”! An example of the shift in fluorescence over the pressure range investigated in

Chapter 3 is given in Figure 1.8.
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Figure 1.8 Ruby fluorescence inside the DAC at 0.2 GPa (red) and 3.0 GPa (blue). The Amax shifts
by approximately 1 nm over this range.
1.2.3 Molecular Behaviour at High Pressure

1.2.3.1 Molecular Vibration at High Pressure

As pressure increases, molecules and atoms are forced closer and closer together. This
increases resistance to movement: molecular vibrations become higher in energy as the local free

energy into which they vibrate decreases. A general upward trend in vibrational energy can be
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observed as a function of increasing pressure. An exception to this trend is the negative shift in
vibrational energy which can arise in scenarios where the bonds involved have antibonding
character. An increase in electron density in these regions leads to weakening of the bond, an
effect that is especially prevalent in organometallic complexes.”® Both effects shed light on the
nature of the bonds being observed: those with large changes in atomic coordinates during the
vibration tend to be affected the most (stretching modes), while relatively subtle movements tend

to have relatively stable vibrational energies (wagging, rocking, bending, scissoring, and twisting).
1.2.3.2 Phase Transitions

If the sample is crystalline, it is possible for a material to undergo a phase transition as
pressure increases. This often manifests itself as a discontinuity in a plot of vibrational
wavenumber vs. pressure, since the chemical environment is no longer changing in direct
proportion to the pressure, but abruptly and (depending on the space group) anisotropically.®
Glass transition, a second-order phenomenon which is analogous to the first-order phase transition
(solid-liquid) in crystalline solids, is also strongly influenced by external pressure. The glass
transition temperature (7%) typically increases linearly with pressure, though the strength of this

dependence is highly influenced by the chemical nature of the system.”*
1.2.3.3 Relation to Free Volume

Free volume, defined as the space not occupied by atoms or molecules in a given volume
of material, allows movement to occur in the condensed phase. In liquids, the ‘holes’ that make
up the free volume are in constant motion, while in glassy or crystalline phases they are effectively
fixed.” The fractional free volume in the polymer thin film determines the viscosity, which is
described as a function of temperature by the Williams-Landel-Ferry equation.’® In a crystalline
close-packed structure (hexagonal or face-centred cubic), the fractional free volume is 0.26: this

represents the upper limit of packing efficiency under standard conditions.’’

As pressure is
increased, the fractional free volume decreases, increasing 7. Viscosity is resistance to flow, and
on a molecular level corresponds to the restriction of translational degrees of freedom by fewer
available voids in which to move, as well as increased intermolecular interactions due to the higher
density. The pockets of free volume occur as an approximately Gaussian distribution of size

pockets, with a slightly higher population of larger pockets.”®
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1.2.34 Azobenzene at High Pressure

The parent azobenzene molecule tends to receive little attention in the literature, except in
fundamental studies of isomerization behaviour and mechanics, due to the low utility of a molecule
with no functional groups. The absorption spectrum of trans-azobenzene embedded in various
polymer matrices was investigated from ambient pressure to 2.5 GPa in 1966 using a hydraulic
press. The group found shifts in the absorption intensity, as well as blueshifting of the positions

of the n—n* and m—m* absorptions.”

One major high-pressure study of azobenzene that was undertaken by Song et al.
investigated the vibrational behaviour of both trans-azobenzene and hydrazobenzene (azobenzene,
where the N=N moiety is replaced by an NH-NH single bond).!®® Both trans-azobenzene and
hydrazobenzene were found to undergo phase transitions around 10 GPa, however azobenzene
underwent decomposition at 18 GPa, while hydrazobenzene persisted until 28 GPa before

decomposition.

Though Chapter 3 investigates a much smaller pressure range, the emphasis is on the
isomerization behaviour, instead of the pressure effects on the vibrational motions. The vibrational
characteristics of frans- and cis-azobenzene were studied, as well as their ability to undergo
photochemically- or mechanically-induced isomerization under pressure. Interestingly, since the
original publication of Chapter 3, where no mechanical isomerization took place (that is,
isomerization due to the effect of pressure alone), it has since been demonstrated that a polymer-

appended azo derivative can be mechanically isomerized via sonication in solution.'”!

Despite the implication of pressure in the formation of surface relief gratings and in photo-
orientation, relatively little research has been done on the direct effect. Knoll, Kleideiter, and
Sekkat conducted two studies in this area: the first investigated the effect of pressure on the
isomerization of poly(methyl Disperse Red 1 acrylate-co-methyl methacrylate),'% which was later
verified by Knoll and Kleideiter;'*® the second investigated the photo-orientation of the same

104 at pressures up to 0.2 GPa. They found that as the external pressure increased, the

system,
mobility of the chromophores was reduced, optical orientation was suppressed, and they were able
to extract the free volume of the transition state present during the frans-cis isomerization event

via Equation 1.2.
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In(k) = In(ke) — AV¥— Equation 1.2

where k is the kinetic rate at pressure P, ky is the kinetic rate at ambient pressure, R is the universal
gas constant, and 7 is the temperature (in Kelvin) at which the isomerization takes place. The
activation volume, 4V, is the volume required for the reaction to proceed, and is equal to the
volume of the transition state (taken from Reference 104). Sekkat and his co-authors found that &
decreased linearly with applied pressure, a trend which continued in the pressure regime

investigated in Chapter 3.

The experiments outlined in Chapter 3 expand upon this research, and demonstrate it is
possible to completely suppress the isomerization event at extremely high pressures (2 GPa; 10x
the previous studies). This indicates a continuation of the reduction in free volume observed by
Sekkat ef al. during optical orientation experiments (with orientation of the entire chromophore),
to the point where there is inadequate space for even the proportionally smaller volume
requirement of isomerization. As the polymer film is compressed with increasing pressure, the
size of the free volume pockets decreases, which constrains the chromophores and inhibits their
ability to undergo trans to cis isomerization. The distribution in size of the free volume pockets

in polymer films gives rise to the anomalously fast relaxation observed in the azo species.'®
1.3 Inverse Opal Film Background

Inverse opals are a type of photonic crystal, which possess structural colour due to the
photonic properties of the material itself, and not due to an intrinsic absorbance of light, like
conventional chromophoric materials. Although synthetic photonic crystals have been a subject

of increasing study since their invention in 1987,1%

photonic crystals have existed in nature since
at least the Cambrian explosion 500 million years ago,'®” and can be observed today in a wide
variety of flora and fauna including the iridescent wings of many species of the morpho genus of
butterfly, the scales of many species of fish, peacock feathers, and various beetle shells (Figure
1.9).198199 Stryctural colour is also found in minerals such as the opal, which are the natural

inspiration for the inverse opal structures described in Chapter 4 (Figure 1.10).!1%!!
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Figure 1.9 Examples of natural photonic crystals in A) Paracheirodon innesi, resulting from
guanine crystals in special cells and B) the shell of the Charidotella egregia beetle. Reproduced
(adapted) from Reference 109 with permission of the Royal Society of Chemistry.

Inverse opals take their name from natural opals, which are gemstones made of simple
silica that exhibit intense structural colour. Opals are composed of microspheres of pure silica
embedded in a partially hydrated silica matrix: the contrast between the indices of refraction of the
two subtypes of silica, coupled with the partially oriented microcrystallites, diffracts the light
impinging on the material. The size of the microspheres determines which wavelengths of light
are diffracted, resulting in different colour opals being generated due to variations in the size of

the microspheres.!'?
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Figure 1.10 A) synthetic opal displaying iridescent structural colour B) Bragg diffraction
(described in Section 1.3.1 below) from the domains of ordered silica microspheres giving rise to
the opal colouration C) electron micrograph of the ordered silica microspheres D) schematic of the
internal structure in natural opal. Reproduced from Reference 111 by permission from the Royal

Society of Chemistry.

Inverse opals, as the name suggests, possess the same crystalline order of spherical
inclusions in a matrix, however, instead of the silica/hydrated silica found in opals, inverse opals
have spherical air holes in a silica (or other sol gel) matrix. The larger difference in index of
refraction between air and silica allows for a greater diffraction efficiency, and also allows a great
deal of freedom to modify the matrix material as well as alter the chemical functionality of the

interior surfaces.
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1.3.1 Optical Properties

The colour exhibited by inverse opals is a result of light scattering by features (in this case,
spherical voids in a silica matrix) on the same length scale as visible light. The spacing of the
features is the critical characteristic: the holes must be on the order of the wavelength of light to
be diffracted. The diffraction effect observed in inverse opals is a type of Bragg scattering, which
was first proposed to describe the patterns given by x-rays being diffracted by crystals. Light is
scattered isotropically by the air inclusions in the opal. Because the inclusions are roughly the
same size as visible light (ca. 300 nm in diameter), photons scattered by adjacent inclusions are
offset from one another, depending on the angle of incidence. This relationship between the size
of scattering features and the wavelength of radiation can be described by analogy to the Bragg

relation:
nl = 2dsin 6 Equation 1.3

where 4 is the wavelength of light, d is the distance between scattering centres, # is any integer,
and 0 is the angle at which the radiation meets the plane described by the scattering centres. The
inverse opal films discussed in Chapter 4 are fabricated using microspheres of approximately 300

nm diameter, giving a material with a peak scattering in the middle of the visible range of light.

More rigorously, the periodic variation in dielectric constant (how strongly an insulating
material responds to an applied electric field)’” replaces the electron density in the Bragg relation,
and the difference in index of refraction between the two media describes the strength of the
scattering.''> The periodic variation in dielectric constant creates a photonic band gap in the
material, which selects which wavelengths of light are allowed to propagate through the structure
and which are reflected back. The Maxwell equations describe the interaction of light (a coupled

electric and magnetic field) with dielectrics, give rise to the Bragg-Snell equation:

1 .
A = 2d(nepr? — cos? 9) /2 Equation 1.4

where 7 is the average index of refraction of the photonic crystal.!?
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1.3.2 Material Fabrication

Inverse opal fabrication is based on a templated matrix assembly around polymer
microspheres, which self-assemble into a hexagonal closest-packed array. The matrix, typically a
sol gel, can then be cast in the interstitial space, and subsequently, the microsphere template
removed. A reliable method for forming large-scale photonic crystal coatings in this way has been
described by Aizenberg et. al.''> A solution of hydrolyzed silanes is added to an aqueous
suspension of PMMA polymer microspheres and a solid substrate is then suspended vertically in
the silane/microsphere suspension. As the solvent is slowly evaporated with mild heating, an
Inverse Opal Film (IOF) of ordered microspheres embedded in a silica matrix is left behind
adhered to the substrate. An electron micrograph of the resulting structure can be seen in Figure

1.11, in Section 1.3.3 below.
1.3.3 Wettability and Surface Energy

The wettability of a substrate is the degree to which a given liquid interacts with a surface.
The degree to which this interaction occurs is determined by the relative magnitude of the adhesive
forces (the attraction of the liquid to the solid) and cohesive forces (the attraction of the liquid to
itself). The magnitude of the spreading can be determined by placing a small droplet of liquid on
a solid surface. The liquid will try to minimize its surface area with the substrate, resulting in a
truncated sphere as it rests on the surface. The angle between the solid surface and the droplet
edge is related to the surface energies involved, via the Young equation (Equation 1.5). The larger
the angle, the higher the cohesive forces relative to the adhesive, and the less wetting the liquid is

to the substrate, and accordingly a small angle indicates relatively high adhesive forces.

The Young equation for surface wetting (Equation 1.5 below) shows the relation between
the surface energies between three interfaces, in the specific case of a liquid droplet on a flat

surface.
Ys—¢ = Vs-L T V1 €0s b Equation 1.5

If, as is often the case, the liquid is water, a surface that gives a high contact angle can be
termed hydrophobic, while a low contact angle surface is hydrophilic, with a contact angle of 65°

being the rough boundary between the two.
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These equations describe liquid wetting behaviour on a flat surface, but can be expanded
to more complex geometries, such as the interior of an inverse opal photonic crystal, as described
in Chapter 4. The ability of a liquid to infiltrate an inverse opal film is governed by two important
parameters: the geometric parameters of the IOF itself, specifically the angle of the necks between
the inverse opal pores; and the intrinsic wettability, represented by the flat contact angle of the

liquid on a flat surface. The neck angle, which can be seen in Figure 1.11 below, is defined as:

@, = arcsin (r"ﬂ> Equation 1.6

Tpore

where reck 1s the radius of the circular neck between pores, 7pore is the radius of the pore itself, and
@o 1s the neck angle. It is entirely a geometric parameter, determined by the size of the polymer
spheres used to construct the IOF. The intrinsic wettability is dependent on the surface chemistry,

which can be altered by chemical functionalization of the IOF surface.!'
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Figure 1.11 An electron micrograph of an inverse opal film, showing the periodic microstructure
of air-filled spheres in a silica matrix. The rueck and rpore parameters are shown, as is their relation
to ¢o and 6., the static contact angle of the liquid on a flat surface. The liquid can infiltrate the IOF

only when ¢¢ > 6.
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1.34 The Wetting In Colour Kit (WICK) System

A direct application of selective liquid infiltration into inverse opal films has been
demonstrated by the Aizenberg research group at Harvard University.!!*!!> The highly-specific
transition from non-wetting to wetting in IOFs (ca. 2°)!'* is exploited by carefully varying the
surface chemistry along the length of a coated substrate. Liquids are only able to wet the areas
with an appropriate intrinsic contact angle (i.e. when ¢ > 6.). The areas wet by the liquid lose the
contrast in index of refraction necessary for scattering to occur, resulting in a colourless section of
film whose edge defines the static contact angle of the liquid. Complex patterns can be inscribed
into the film, yielding an easy to read colourimetric dip sensor capable of discerning a wide variety
of liquids including alcohols (methanol, ethanol, isopropanol), ethanol/water solutions to high
precision, and even different lengths of alkane (and different fuels such as gasoline and diesel), as

shown below in Figure 1.12.

Gasoline (reg. UL)

Figure 1.12 Three examples of IOFs inscribed with specific areas of surface energy, allowing

differentiation of A) and B) methanol, ethanol, and isopropanol; C) decane, nonane, octane,
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heptane, and hexane; and D) gasoline and diesel. Reprinted (adapted) with permission from

Reference 114, Copyright 2012 American Chemical Society.
1.3.5 Photo-Induced Wettability Changes

Numerous materials are currently known to exhibit photo-induced changes in surface
energy, both organic and inorganic in nature. Titania (and to a lesser extent zirconium oxide) is
one of the best-studied systems for photomodulated wettability.!!®!!7 Heavily investigated due to
its self-cleaning and semiconductor properties, it undergoes large changes in surface energy under
illumination. The contact angle is highly dependent on the surface roughness, typically resulting
in optically opaque films due to scattering, and UV light is required for the photomodulation.
Additionally, the change in contact angle only persists as long as the light exposure lasts.!'®
Organic systems are typically polymeric in nature, which can be applied to substrates as coatings.
The photo-sensitivity is added by doping the polymer with photo-active organic molecules, such

118-120

as those belonging to the azobenzene or spiropyran'?! families, which are discussed in

greater detail below.
1.3.5.1 Spiropyran

The spiropyrans are another popular class of organic photoswitch, which undergo a
reversible bond breaking/formation under irradiation.'?? Because the photoisomer is a zwitterion,
a large change in dipole moment accompanies the transformation to the ring-opened merocyanine

form (see Figure 1.13).

Figure 1.13 A) Spiropyran and B) the merocyanine photoproduct formed upon irradiation with
UV light. The C-O bond breaks in concert with the trans-cis isomerization of the C=C bond,

forming a zwitterion. The reaction is reversible with either heat or absorption of a visible photon.

Spiropyrans have been incorporated into surfaces coatings as a photo-sensitive switch to

modulate surface energy, much like the azobenzenes discussed in Section 1.3.5.2 below.!?!
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Changes in the contact angle with a magnitude on the order of 11 — 14° were observed upon

irradiation, which were reversible over several cycles.
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Figure 1.14 Photo-induced surface energy changes using spiropyran on an organic-functionalized
silica surface. The conversion from the spiropyran to the merocyanine form results in a more polar
surface, and corresponding decrease in water contact angle. Reprinted (adapted) with permission

from Reference 121. Copyright 2002 American Chemical Society.

Ultimately, concerns over the stability of the spiropyran photoswitch compared with the
azobenzene systems may limit the utility of the spiropyran coatings. The long-lived triplet state
during photoisomerization makes the chromophore susceptible to atmospheric oxygen, as well as

side reactions with other spiropyran chromophores.!??

Although solid-supported spiropyran
derivatives are less susceptible to degradation than in the solution phase, several studies have
shown that even ten switching cycles can induce photodegradation of ca. 20 mol % of the
chromophores.'?* This effect can be reduced by ensuring the chromophores are less densely-

packed on the surface, precluding the possibility of chromophore-chromophore interactions.'?®
1.3.5.2  Azobenzene-Containing Materials
Among the numerous systems capable of dynamic surface energy modulation are azo-

doped polymer films. Studies have been conducted using monolayers of azobenzene and
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azobenzene-functionalized polymers, where the effects are due to the different polarity of the trans
and cis isomers directly, but the changes are typically on the order of only a few degrees.!?%!%’
Larger changes can be induced with more complex supramolecular systems,'?® but the largest
changes are initiated by polymeric systems. Two reports by Ahmad et al. using azo-doped
polymers investigate the effect of different head groups, as well as the properties of the irradiating

light on the resulting change in contact angle.!?*!%

o beam orientation
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Figure 1.15 Change in contact angle of an azo-coated substrate upon irradiation. The degree of
change in contact angle is related both to the polarization state of the irradiating light, as well as
the angle it forms with the surface. Reproduced from Reference 129 with permission from the

Royal Society of Chemistry.

Although the mechanism of action is yet to be fully elucidated, evidence points to
molecular reorientation exposing the azobenzene head groups to the surface as the phenomenon
that gives rise to the changes in wettability. The switchable wettability of the poly(Disperse Red
1 acrylate-co-acrylic acid) polyelectrolyte system described in Reference 129 forms the basis of
the photo-induced wettability changes in inverse opal films described in Chapter 4. In it, the
wettability of an inverse opal film coated with the p(DR1A-co-AA) polymer was modulated by
varying levels of exposure to UV and visible light. The change in wettability was induced not by
the reversible molecular orientation described in the previous section, but by photobleaching of
the chromophores. This process is irreversible, but the degree of change in contact angle was
shown to be dependent on the wavelength of light used (visible or UV), the intensity of the light,

and the duration of exposure.
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1.4 Polyelectrolyte Multilayers

Polyelectrolyte multilayers (PEMs) are thin coatings built from alternating layers of
positively and negatively charged polymer chains (polyelectrolytes). The layers are formed by
self-assembly, yielding a solvent-stable film with highly tuneable properties. The seminal report
by Decher!?? is the first in a huge number of publications exploring the fabrication and application
of these versatile, useful and easily assembled films.!3! PEMs appear in Chapters 4 and 6 of this
work, both as a photoactive layer for modulating surface energy, and as a biocompatible matrix

for azobenzene-based indicators for neurotransmitters.
1.4.1 Polyelectrolyte Assembly

The PEM fabrication process is outlined in Figure 1.16. A glass or silicon substrate,
cleaned with “acid piranha” solution (a mixture of sulfuric acid and hydrogen peroxide) or
exposure to plasma, adopts a slight negative charge, and is placed in a solution of positively-
charged polyelectrolyte polymer. The surface charge attracts the positively-charged polymer,
which adsorbs irreversibly to the surface through electrostatic interactions. The loops and bends
in the adsorbed polymer have no matching counterion and thus generate a net charge reversal on
the surface, allowing an oppositely-charged polyelectrolyte to be deposited on top. The entire

process can be repeated ad infinitum, yielding a film with the desired thickness.!*?
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Figure 1.16 Process for fabricating PEMs. A) A clean, negatively-charged substrate is immersed
in a cationic polyelectrolyte solution. B) Rinsing with deionized water. C) The cationic substrate

is immersed in an anionic polyelectrolyte. D) Rinsing with deionized water.
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14.1.1 Assembly Conditions

Several factors determine the thickness and modulus of the resulting PEM. The choice of
polyelectrolytes is perhaps the most important, as the pKa of the acid and base groups on the
polymer chain determine the degree to which the charge on the polyelectrolytes can be altered.!*?
At extremely high or low pK. values (strong acids such as sulfonate, or strong bases such as
quaternary ammonium groups), the polymers will be effectively fully charged regardless of the
assembly solution pH. This results in thin, high-modulus films, since the high polyelectrolyte
charge maximizes adsorption and leaves relatively few loops and bends in the polymer.
Polyelectrolytes with comparatively weak acid and base groups (carboxylic acids, secondary and
tertiary amines) allow for much finer control of the properties of the multilayer, since the degree
of charge is easily tuned by changing the pH of the assembly solution. Many more bends and
loops result, yielding a softer, more water-filled matrix. Additionally, the ionic strength of the
assembly solutions has a large effect on the properties of the final film, due to the charge-screening
effect of high ionic strength solutions, and acts in the same way as reducing the charge via pH.!**
This can be an effective method of altering the material properties of strongly acidic or basic

polyelectrolytes.
1.4.1.2 Thickness Determination

The thickness of PEMs is commonly measured using null ellipsometry. Ellipsometry
measures the change in polarization state of light as it is reflected from a thin film. This change is
proportional to the phase and amplitude of light when it undergoes reflection by a material, as

described by Equation 1.7:'%°

T

p =-L=tan(¥) e Equation 1.7
N

T

where p is the ratio of the reflected intensity of the p- and s-polarized components of the light, ¥
is the ratio of the absolute values of the amplitudes of p- and s-polarized components of the
reflected light, and 4 is the phase change of the light upon reflection. The reflectance ratio is
measured by an ellipsometer, which shines polarized laser light at a coated surface. The intensity
of p- and s-polarized light reflected is then measured using a polarizer and photodetector, and

modelled to determine the thickness of the film. Analysis requires knowledge of the indices of
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refraction of all components in the system, including the air, the film itself, and the underlying
substrate. Data analysis is performed via a regression method that yields a thickness with some
ambiguity, due to the cyclic nature of the phase parameter. The unambiguous thickness has been

verified using neutron reflectometry, allowing ellipsometry to be used directly. '3!3’

1.4.2 Applications of Polyelectrolyte Multilayers

PEMs enjoy a wide variety of applications in materials chemistry, biology, and materials
science. They represent a facile method of applying thin films of tuneable thickness and
functionality onto a variety of substrate materials and geometries. Their applications to the
research in this work are summarized below, where PEMs are used as photoactive thin films, and

as substrates for small molecules capable of detecting specific biomolecules.
14.2.1 Photoactive Multilayers

The first reports of photoactive PEMs surfaced shortly after the initial discovery of PEMs.
Polyelectrolytes doped with photoactive groups were used to image the internal structure and
amount of chain diffusion between layers, allowing the internal structure of the films to be
elucidated.!*®!% Photoactive films have also been used to guide cell growth,'*!*! as films that
can be photodecomposed,'*? for photoinitiating the release of chemical cargo,'** and to modulate

the wettability of substrates upon irradiation, as discussed in detail in Section 1.3.5.12°
1.4.2.2 Biological Applications

The unique material requirements for interfacing with biological systems can make
designing biocompatible materials difficult. Biology is not only sensitive to the chemical
properties of implants and devices, but to the modulus and surface properties.'* 14 Additionally,
the specific material properties vary depending on their location in an organism, with cells tending
to prefer conditions similar to those they experience in their native environment. Since implants,
such as artificial hips and mechanical hearts, are typically constructed from hard metals and
plastics, the ability to “camouflage” these hard surfaces in the body is essential to prevent rejection.
PEMs have been demonstrated as effective substrates for neural cells, which are comparatively
difficult to culture ex vivo.!**15° The ability to tune these coatings to specific areas of the body is

an essential concept in Chapter 6, which details PEMs doped with azo-boronic acids sensitive to
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the presence of neurotransmitters. The PEM acts both as a host for the molecular reporters (either
covalently or electrostatically bound, as detailed in the following section), as well as a
biocompatible coating for the hard optical fibre required to extract the optical signal from the

reporters.
1.4.2.3 Small Molecule Uptake

The water-rich, loosely-associated polyelectrolyte matrix provides an ideal platform for
small-molecule absorption. The pH-dependent character of polyelectrolyte films also allows for
controlled uptake and release, which has been demonstrated in a number of different systems. One
such system, investigated by Susan Burke et al., demonstrated the ability of multilayers composed
of poly(allylamine hydrochloride) and hyaluronic acid (structures in Figure 1.17) to swell by a
factor of two on changing the solution pH from neutral to pH<5.!>! In addition, small charged
molecules were shown to be absorbed by the film at extreme pH conditions (either strongly acidic

or strongly basic), and held in the film under near-neutral pH conditions.
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Figure 1.17 Structures of the polyelectrolytes (A) poly(allylamine hydrochloride) and (B)

hyaluronic acid sodium salt.

This effect was exploited in the current study to immobilize candidate indicator molecules
(especially the charged sulfonate-containing compounds) in the film, yielding a stable detection

platform on any desired surface.
1.5 Neurophotonics and Optical Neurotransmitter Reporters

Chapters 5 and 6 in this work detail our efforts towards realizing an all-optical method of
detecting neurological impulses. The ability to interpret impulses in the brain has far-reaching
consequences for numerous fields of study, including fundamental research in trying to understand

how the brain communicates with the peripheral nervous system and transmits information

29



internally, understanding how memories are formed, and how thoughts take shape. There are
currently several different methods for monitoring brain activity in use. These can be classified
into two broad categories based on the placement of the recording apparatus in relation to the skull:
external detection (e.g. functional magnetic resonance imaging, positron emission tomography,
and electroencephalography); and internal detection, which currently consists primarily of

52

implanted electrodes as well as recent progress with optical fibres.!>> These techniques are

discussed in Section 1.5.2 below.

Electronic probes are historically the most important and currently the most widely-used
technique of internal detection, but are severely limited by their fundamentally bio-incompatible
composition (typically hard, conductive materials such as metals or semiconductors). Long-term
implantation (>hours) results in gliosis, or neural scar formation around the implant, which acts as
an insulator to neural activity, significantly reducing the utility of the probe.'>* Gliosis is a
response to brain injury, further aggravated by the small movements the probe inevitably
undergoes as the subject moves. Shielding the probe from the cellular surroundings via
biocompatible coatings (such as those discussed in Section 1.4.2.2) is also difficult, as these

coatings tend to act as insulators, negating the utility of the probe.

Recently developed optical methods for interfacing with the brain, which lack the above
mentioned limitations, have attracted significant attention: some of the most successful of which
are described briefly herein. One of the most direct methods is the light-induced stimulation of
specific areas of the brain by the photo-induced release of caged neurotransmitters.”> Another
method involves chemical modification of neural receptors: azobenzene derivatives have been
grafted onto engineered neurotransmitter receptors adding photo-sensitivity to neurons and

54,153,154

allowing for remote optical control of receptor channels. These molecular methods

contrast with the more powerful and permanent technique opfogenetics, the most rapidly growing

method of interfacing with neurological processes.!*!%

Optogenetics permanently alters the
neural cells by genetically encoding light sensitivity into specific neural cells, allowing for light-
induced activation of targeted neural cells. Although enormously powerful, its use is limited to
animal research, as it requires altering the genes of the organism, which is not feasible as a
therapeutic technique in humans. This introduction summarizes the current optical techniques in

use, and attempts to place the work of Chapters 5 and 6 in the larger context of this body of
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research. This work is best described as neurophotonics: the application of optical techniques to

neuroscience.
1.5.1 Neurons and Chemical Signalling

Information is transmitted in the brain via two main pathways: as electrochemical gradients
(electrical impulses, colloquially) and as chemical signals. Neural cells are not directly connected
to each other, and instead meet at junctions known as synapses. A small space, the synaptic gap,
separates the cells, and signals which are mediated electrochemically inside a cell body stimulate
the release of specific molecules at the synaptic gap (see Figure 1.18 below). These molecules,
known as neurotransmitters (NTs), then carry the signal via diffusion to a receptor site on a target
cell.'*” Although a large number of specific compounds — as many as 50 small molecules and up
to 100 neuropeptides — have been identified, nine are considered the most important, mediating
the majority of neural signals.'>” The type of neurotransmitter used by a cell is highly dependent
on the type of neural cell, its location in the body and the type of signal being transmitted.'>8
Special receptors on the neighbouring cell are stimulated by the uptake of these compounds, and

an electrochemical impulse is then propagated along that cell.
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Figure 1.18 The synaptic gap. Top: the signal originates from the presynaptic terminal of the
neural cell, filling vesicles with neurotransmitter molecules. The vesicles merge with the cell
membrane when the electrochemical signal arrives, releasing neurotransmitters into the synaptic
gap where they bind to postsynaptic receptors on the postsynaptic cell. Reprinted with permission

from Reference 159. Copyright 2011 Cold Spring Harbor Laboratory Press.

Some of the common NTs, including adrenaline, norepinephrine, and dopamine share a
common catechol (1,2-dihydroxybenzene) motif (Figure 1.19). As a result of their structural
similarity and biological importance, these provide an interesting series for detection studies,

which is the subject of study in Chapter 5.
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Figure 1.19 Three of the main biogenic aminocatecholates: A) dopamine, B) norepinephrine, and

C) epinephrine.'*8

Dopamine occurs naturally at low levels in the body (ca. 0.5 — 25 nM in cerebrospinal
fluid),'® but the instantaneous concentration in the synaptic gap can be considerably higher,
reaching into the tens of millimolar concentration range in the millisecond timescale of neuronal
impulses.'®! The concentration inside the vesicles, the tiny containers that hold the NTs prior to
release into the synaptic gap, can be even higher, at 100 — 200 mM. NT-molecules are loaded into
vesicles via active proton pumping, resulting in a drop in pH upon vesicle release during the
transmission of neural impulses.'®? As a result, the pH conditions in the brain vary depending on
the location and the level of brain activity, and can be lower by ~0.5 pH units from the baseline
physiological pH of 7.4. The pH conditions are important to this study due to the pH-dependent

nature of NT-binding by boronic acids, as discussed in Section 1.5.3.1.
1.5.2 Intracranial Measurements

Intracranial measurements are, by definition, conducted within the cranial cavity, and
therefore the measurement apparatus is typically implanted directly into the brain. These
techniques require invasive surgery to implant and remove the probes. However, they provide a
significantly higher spatial precision when compared with extracranial measurements
(electroencephalograms, functional magnetic resonance imaging), since the probes are placed
directly in contact with the region of the brain to be investigated.'®® Most intracranial probes
collect electrical signals, either measuring the electrochemical gradients propagating along the
axons before terminating at the synaptic gap, or by electrochemically detecting the presence of

neurotransmitters based on their oxidation potential.

There are four main types of electrodes for intracranial, intracortical (inside the skull but

outside the cell) measurements: metal microelectrodes, glass micropipettes, glass patch clamps (a
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variant of micropipettes), and micromachined electrode arrays.!®* Each represents a different stage
in design, and have different specialties: microelectrodes and micromachined electrode arrays are
useful for looking at relatively large numbers of cells, and represent the highest bandwidth for
information transfer, while the glass pipettes and microelectrodes are capable of interacting with
specific regions of single cells, allowing very precise but also limited measurements of single-
cellular activity. At the interface between extra- and intracranial electrodes are electrode grids,
which can be placed on the dura mater (the topmost of three membranes between the skull and
neural tissue). These provide a greater spatial precision than extracranial electrodes (typically 1 —
10 mm in length per electrode), and can give a generalized map of brain activity. These types of
probes do not induce gliosis, since they don’t penetrate the dura mater, but the larger distance to
the brain limits their sensitivity: this is generally useful for diagnosis of which area of the brain is
active in an epileptic seizure,'®* but provide significantly less spatial resolution compared to

intracranial probes.

The main issue plaguing all neural implants is the mismatch in material properties that

leads to gliosis.'%

This limits the utility of implants, since gliosis creates an insulating layer,
blocking electrical impulses. Additionally, although many techniques exist for improving the
biocompatibility of implants by matching the modulus and water content of the environment, these
coatings are typically not conductive, rendering them useless for electrical applications. This is
perhaps the greatest advantage of optical probes, which can be made biocompatible by coating
with polyelectrolyte multilayers (see Section 1.4.2.2) with little optical interference. Probes with
the appropriate biocompatible coating could provide useful information for much longer time

periods than their electrical equivalents.

Another downside of electrical techniques is the inherent interference from neighbouring
neurons, muscle activity, and instrument noise from the electrical equipment itself, all of which
increase the background noise and reduce the sensitivity of the measurement. Optical
measurements are not susceptible to the same sources of interference as electrical measurements,
and experiments inside the body already have greatly reduced background light levels.
Additionally, by carefully choosing the measurement wavelength and with the use of highly-
selective filters and chopping, the background noise in a given optical experiment can be reduced

even further.
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1.5.3 Current Methods of Catecholamine Detection

A variety of different methods for detecting dopamine (and the related neurotransmitters
epinephrine and norepinephrine, all of which are catecholamines) have been described:
electrochemical methods are the most popular, due to the maturity of electrical and electrochemical
measurements in neuroscience.!®+1¢-170 However, optical methods, including both fluorescence-
and absorption-based measurements are becoming more prevalent in the literature, and are
discussed in more detail below. The vast majority of chemical sensors utilise the ability of organic
boronic acids to selectively bind 1,2-diols, which are chemically durable and easy to append to the

reporter molecule.
1.5.3.1 Boronic Acids for Diol Recognition

At the core of Chapter 5 is the ability of boronic acids to strongly and selectively bind
vicinal diols.!”!72 This functionality is present in many biologically-relevant molecules, notably
saccharides, for which many indicator molecules incorporating a boronic acid moiety have already
been developed (see Sections 1.5.3.2 and 1.5.3.3),!*!75 and the neurotransmitter molecules
dopamine, norepinephrine, adrenaline, and L-DOPA, as discussed in Section 1.5.1. The binding
is a reversible condensation reaction, evolving two equivalents of water and forming a 1:1
complex. The binding is favoured at high pH conditions and disfavoured at low pH, as shown in

Figure 1.20.!7¢
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Figure 1.20 Generic scheme for the reversible binding of diols with an arylboronic acid.
Generally, the diol can be considered strongly bound above pH = 10, and the dissociation reaction

can be promoted at pH < 6, however the nature of the R group strongly affects the equilibrium.!7®

One of the first reports of the geometry of the phenylboronate ion used the reversible
binding of diols to help confirm the structure (tetrahedral, with coordination of an OH™ ion giving

B(OH)4", rather than as a Brensted acid BO,H").!”! Here, it was shown that the binding constant
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for catechol, which forms the core of the dopamine molecule, is around 20x10°, while fructose has
a binding constant of 4x10°. The significantly stronger binding of catechol suggests that the
optical detectors designed to detect saccharides such as glucose and fructose (discussed in Section

1.5.3.3 below) will respond to even lower concentrations of catecholates such as dopamine.
1.5.3.2  Fluorescence Sensors

A wide variety of compounds have been proposed for detecting diols, typically saccharides,
via a change in fluorescence response.'”> The first reported fluorescent sensor was boronic acid-
appended anthracene, which showed a lowering of fluorescence intensity as a function of analyte
concentration.!”” Many other reports followed, with varying levels of selectivity, responsiveness,
and stability. Because of the obvious biological relevance of glucose, many of these sensors were
tested under biological pH conditions.!’® 1% In addition to optimization of excitation wavelength
for biological applications, considerable effort has been expended to make molecules which
selectively detect one type of saccharide over others. Since the saccharides have more than one
pair of diols, small molecules functionalized with two (or sometimes more) boronic acid groups
can be geometrically tailored to specifically bind one type of saccharide over others: this includes

178,179,183,188-190 and even different

mono vs. disaccharides,!®’ different classes of monosaccharide,
enantiomers of a single monosaccharide.!”! The detection of dopamine via fluorescence has been
reported in several publications, including small molecules, !> '°® functionalized nanoparticles,'’
and biomimetic binding pockets.!”*2% Perhaps the greatest disadvantage of fluorescence-based
molecular detectors is that most require excitation in the UV range, which is not ideal for
compounds intended to operate inside an organism. UV light is harmful to the surrounding tissue,

and will eventually result in photodecomposition of the sensor molecules themselves.
1.5.3.3 Absorbance Sensors

In addition to fluorescence sensors, there also exist sensor molecules based on changes in
visible absorbance upon binding to an analyte. This research has primarily been targeted towards

174,201,202 gy gar analysis for industrial production,® and as dyes for

glucose reporters for diabetics,
inkjet printing,”** as well as at least one example reported for reporting dopamine sensing (see

Figure 1.21).12
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Figure 1.21 An absorption-based chemical indicator for dopamine, based on a boronic acid and
aldehyde binding sites. The resulting complex shows a 30 nm shift in Amax, as well as a twofold
fluorescence reduction on binding. Reprinted (adapted) with permission from Reference 192.

Copyright 2004 American Chemical Society.

The vast majority of papers published in this field focus on visible detection of glucose and
other saccharides, with several patents having been filed for glucose indicators.??*205207 Most of
these systems are based on boronic acid-functionalized azobenzene derivatives, due to the deep
colouration and robust nature of the azobenzene chromophore.!”® The visible response of one of
the most successful systems is shown in Figure 1.22,'" and many similar systems have been
reported,?°!298:20% including two polymer-appended sensors in solution.?!%!! - Absorption-based
indicators are typically active in the visible spectrum, in contrast to the UV light required for most
fluorophores. This represents one of the largest advantages of absorbance-based sensing with

visible-light chromophores, since visible light poses little risk to biological tissue.
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Figure 1.22 A) Molecular structure of the azo-boronic acid B) Spectral change from 0 — 60 mM
glucose at pH = 11 C) Visible change of the glucose sensor from 0 — 25 mM at pH = 11.
Reproduced from Reference 174 with permission from The Royal Society of Chemistry.
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Currently, the majority of the compounds reported operate optimally at considerably higher
pH (ca. 10 — 11) than our target range, namely biological pH = 7.4, due to the nature of the boronic

acid-diol binding event.!7+202

The development of indicator molecules capable of operating at
biological pH is the subject of Chapter 5, while Chapter 6 describes the incorporation of successful

indicators into a biocompatible material.
1.6  Fibre Optic Detection

Chapter 6 of this work describes the design and fabrication of a fibre-optic sensor for
optical detection of neurotransmitter molecules, with the ultimate goal of creating a biocompatible
sensor which can be implanted in vivo for long periods of time. Fibre optics are ubiquitous in
modern optics, both in fundamental research and industrial applications. They allow light to be
easily guided for significant distances with minimal loss, while preserving the important
characteristics of the signal (polarization, time resolution, and phase). The ease of guiding light
to a desired area, combined with the wide variety of possible surface chemistries, makes fibres an
ideal sensor platform. Unlike the electrical probes discussed in Section 1.5.2, coatings for fibre

optic sensors are only limited by their optical properties.
1.6.1 Fibre Optic Fundamentals

Fibre optics are a type of waveguide, which exploits the phenomenon of fotal internal
reflection, where light travelling through a medium is effectively trapped inside that medium due
to a difference in indices of refraction between the fibre and its surroundings. A light ray
impinging on the interface between two materials with differing indices of refraction will refract

as it passes through the interface, according to Snell’s law (Equation 1.8):
n, sin@; = n, sin 6, Equation 1.8

where n; and n> are the indices of refraction of the two materials, 6; is the angle of the incident ray,
and 6 is the angle of the refracted (transmitted) ray, both with respect to normal. If n;>n>, there
will be a point at which &, is 90°, implying all the light is reflected at the interface: this is called

the critical angle.
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Rearranging the equation, and substituting in 6; = 90°, Snell’s Law can be solved for the
critical angle:

0; = arcsin (ﬁ) Equation 1.9

ny

Fibre optics exploit the phenomenon of total internal reflection by having a small width
relative to the angle at which light can enter: all the light entering one end of a fibre within the
cone of acceptance (determined by the critical angle) will undergo total internal reflection each
time it meets the fibre/environment interface, and thus no light (in principle) is lost through the

length of the fibre.
1.6.1.1 Evanescent Wave Absorption

Although there is no transmitted beam once the condition of total internal reflection is met,
and thus formally no light is lost to the exterior of a fibre optic, the electric field does not diminish
to zero intensity at the interface. Instead, it penetrates into the second medium (with the lower
index of refraction) with an intensity proportional to the refractive indices of the materials.
Although no energy is transferred under the simple geometric model of wave propagation, if
another medium with a higher index of refraction is brought into intimate contact, some of the
light is able to escape the optical fibre and be absorbed. The penetration depth of the evanescent
wave, defined as the distance it takes for the field to decay to !/e, is small: typically within a few

wavelengths of the surface, and can be described by Equation 1.10:

2
dp = Equation 1.10

4m(n?sin @ —nz)l/z
1 2

where d, is the penetration depth of the electromagnetic field, 4 is the wavelength of light in
nanometres, € is the angle of incidence, and n; and n; are the indices of refraction of the fibre and
surroundings, respectively.?!? For a typical fibre with an index of refraction of ~1.6, and assuming
water is the surrounding medium (n = 1.33), the penetration depth varies from roughly 20 — 50
nanometres over the visible wavelength range (350 — 800 nm). Although these lengths are
extremely small, polyelectrolyte multilayer films can be easily fabricated within this thickness

regime, ensuring the indicator chromophores fall within the useful range of the evanescent wave.
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1.6.2 Fibre Optic Sensors

Although fibre optics are still used overwhelmingly for data transfer, they have also
become popular platforms for a wide variety of sensing applications over the past forty years.
Probes designed to measure strain, temperature, and pressure make up the bulk of sensing
applications, however a multitude of different applications in chemistry and biology have also
been reported.?!*2!15 A recent review by Kostovski et al. describes the wide variety of ways fibre

6

optics are used as micro- and nanoscale sensor platforms.?’® Fluorescence and Raman

spectroscopy are among the most popular sensing methods, and there are many reports describing

biological applications.?!’

With such a wide variety of measurement types and applications the
configuration of active sensor can take many forms, several of which relevant to Chapter 6 are

summarized below.
1.6.2.1 U-bend

Perhaps the simplest type of evanescent wave detector is simply a bend in the optical fibre,
allowing the fibre to be immersed in a solution of analyte. The bend can be coated with the sensor
layer and dipped into a solution containing analyte, with the light travelling from one end of the
fibre, past the sensor area, and to a detector attached to the terminal end. This results in minimal
loss from light leakage compared with the methods discussed below, since the light still undergoes
total internal reflection for the length of the sensor. The u-bend is simply formed by heating the
optical fibre past the T, and bending it into the desired shape. Although simple to construct and
easy to handle, this geometry does not scale well to the size required for in vivo measurements.
Too sharp a turn in the fibre results in light leakage as the total internal reflection condition is no

longer met, resulting in too little signal getting returned to the detector.

A fibre-optic pH sensor using a u-bend fibre was reported, using Neutral Red as the active
indicator molecule. Neutral Red was added to a solution of poly(allylamine hydrochloride) and
layered alternatingly with poly(acrylic acid) to form an indicator-doped polyelectrolyte multilayer
on the fibre. The coated u-bend fibre, seen in Figure 1.23 below, acts as an optical pH sensor when

immersed in solution.?'®
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Figure 1.23 A u-bend optical fibre, coated with a polyelectrolyte multilayer composed of
poly(allylamine hydrochloride) and poly(acrylic acid), doped with Neutral Red. The core diameter
of the fibre is 1 mm, while the coated region is approximately 2 cm in length. © IOP Publishing.
Reproduced by permission of IOP Publishing from Reference 218. All rights reserved.

1.6.2.2 Terminal Reflection

If the fibre is simply cleaved and the resulting end coated in sensor, much of the light is
lost through the end into the environment, since the condition for total internal reflection is no
longer met. However, as with light propagation through any region with a change in index of
refraction, some light will be reflected back down the length of the fibre. The amount of light
reflected instead of transmitted is described by the Fresnel equations, proportional to the angle at
which the ray meets the end surface and the difference in index of refraction between the fibre and
surroundings. An evanescent wave is also formed at the interface, and so the reflected light

contains information on the optical absorbance of the tip.

A fibre terminal absorbance measurement was used for a dip-sensor described by Sciacca
and Monro (Figure 1.24).2' In this paper, the authors functionalized a cleaved fibre tip with either
gold or silver nanoparticles coated with different antibodies. When the fibre tip was exposed to a
solution of protein antigens, the antigens were bound by the antibodies, which shifted the position

of the plasmon resonance band.
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Figure 1.24 Schematic for the dip biosensor based on observing changes in plasmon resonance
upon protein binding. Gold or silver nanoparticles functionalized with specific antibodies are
coated on the end of a cleaved fibre optic: light sent down the fibre is reflected back and analyzed
with a UV-vis spectrometer. Reprinted (adapted) with permission from Reference 219. Copyright
2014 American Chemical Society.

Reflection can be enhanced by capping the fibre with a reflective layer such as a metal:
absorption of the evanescent wave occurs on the side of the fibre, rather than the cleaved tip.
Coating with metal reflective layers can easily be accomplished by vapour deposition techniques,
metal-impregnated epoxy coatings, or with solution based chemical coating techniques like the
“silver mirror” generated with the Tollens reagent. An optical pH sensor incorporating a terminal
reflective layer is shown in Figure 1.25 below, which exhibits an enhanced amount of signal
returned and precludes the need for a complete light circuit as in Figure 1.23 in the previous
section. Although this increases the amount of light returned to the detector which improves the
signal to noise ratio, the choice of metal layer must be made carefully since many metals are

cytotoxic, especially over the long timescales of implant use.??%?%!

The fundamentals of the experiments described above are similar to the fibre-based sensor
described in Chapter 6. A broad-spectrum source is coupled to an optical fibre, with the opposite

end stripped of cladding and coated with a boronic acid-functionalized azo derivative. The light
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is partially reflected from the interface, containing the absorbance spectrum of the tip. As the
concentration of the analyte changes, the absorbance spectrum changes as well, giving an optical

signal which can be recorded.
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Figure 1.25 An optical pH sensor doped with Neutral Red (overlay), including a mirror layer on
the fibre terminus to enhance reflection. Reproduced from Reference 222 with permission from

Elsevier, copyright 2008.
1.6.2.3 Tapered Terminal Fibres

Similar to the simple flat fibre end formed by cleaving, tapered fibre tips present several
advantages for optical sensors. The smaller working surface allows for greater spatial resolution,
and for increased durability of the small features necessary for a cellular probe. Although
relatively small-diameter single-mode fibres are commercially available (ca. 10 pm core
diameter), these fibres are fragile and easily broken during handling. Tapering the terminal end of
the fibre allows for the bulk to have the durability of a larger fibre, while leaving a relatively sharp
tip for sensing and manipulation. This can be accomplished by pulling, where a heated fibre is
placed under tension, and the point where it breaks leaves a sharp point. This technique is well-
developed, and can yield very sharp fibre tips as depicted in Figure 1.26.22%?2* An alternative
method is to place a polymer-clad silica fibre in a container containing a solution of hydrofluoric
acid. The silica core is etched away preferentially at the core/cladding interface, leaving a sharp

tip in a very reproducible manner.?*
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Figure 1.26 A scanning electron micrograph of a pulled fibre tip. The tip diameter is
approximately 50 nm. Reproduced from Reference 223 with permission from Elsevier, copyright

2000.

The techniques developed for tapering glass to a sharp point are the fundamental tool
behind the patch clamp technique used in electrophysiology, where a hollow glass micropipette
can hold a single cell in place, allowing sensitive electrical measurements to be performed on a
small area of the cell membrane.!3>?% Sensitive evanescent wave absorption measurements have
been demonstrated on regions of tapered fibre, suggesting that this technique could be easily

adapted to the type of measurements performed in Chapter 6.226:2%7
1.6.2.4 Fibre Bragg Gratings

An alternative to reflection at the terminus of a coated optical fibre is to inscribe a fibre
Bragg grating into the surface coating. A Bragg grating is a type of wavelength-specific reflector,
constructed by inscribing periodic changes in index of refraction in the fibre. The spacing of the
features, like the spacing in a conventional dielectric mirror, determines the wavelengths of light
to be reflected or transmitted, with very high precision. The variation in index of refraction can
be directly written into the fibre itself using UV light or dopants, but it has also been demonstrated
with azo-doped coatings in the same manner as inscribing surface relief gratings.’*??° The
reflection coefficient can be extremely high, and since the wavelength specificity originates from
the spacing of the variations in the index of refraction in the film, not the absorbance band of the

azo film itself, it allows the coating to serve the dual purpose of sensor layer and reflector.

44



1.6.2.5 Whispering Gallery/Microsphere Termination

Whispering gallery modes, first discovered as an acoustic wave phenomenon by Lord
Rayleigh and later expanded into electromagnetic theory,?* are a popular tool in optical sensing
due to their ability to drastically increase the signal to noise ratio. Typically constructed using
glass or polymer microspheres connected to an optical fibre, whispering galleries effectively trap
light ‘injected’ from a fibre into the microsphere (via the evanescent wave), where it circulates for
a large number of cycles via total internal reflection before escaping back into the fibre. The time
spent trapped in the microsphere allows the light to undergo many evanescent wave absorption
events, greatly increasing the signal to noise ratio. Microspheres coated with a sensor layer and

arrayed along an optical fibre could potentially act as a single sensor with multiple inputs.

Figure 1.27 A schematic of a microsphere coupled with an optical fibre. Light propagating along
the fibre couples with the microsphere via the evanescent wave, circulates repeatedly via total
internal reflection undergoing evanescent wave absorption by a coating doped with biosensors,
then couples back into the fibre and travels to the detector. Reproduced from Reference 231 with

permission from Elsevier, copyright 2007.

In addition to the enhancement of optical signal offered by the use of whispering gallery
microspheres, neural cells have been shown to preferentially adhere to curved surfaces.?*?> This
suggests that neurites may actively seek out optically sensitive areas on a fibre optic decorated
with microspheres, which might help to solve the issue of probe migration over long implant
periods. Additionally, ex vivo neural cell growth studies could be extremely simple to interface
fibre probes with, since an array of whispering gallery spheres could be constructed on a surface,

with cell growth tending to concentrate on the sensitive areas.
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This thesis describes the development and characterization of new azo materials for a wide

variety of applications, three of which were investigated in detail and are presented in Chapters 4

— 6 below.
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Chapter 2: Experimental Methods

This section outlines the experimental techniques used in each of the four research chapters
in this work (with a special emphasis on the two published manuscripts). It provides additional
detail not described in the short Experimental sections, especially the optical equipment and high
pressure apparatus in Chapter 3, and the synthesis and assembly of the inverse opal films and

photoactive polymers discussed in Chapter 4.
2.1 Pump-Probe Spectroscopy

2.1.1 Pump-Probe Basics

The basic principle behind pump-probe spectroscopy is to both induce and monitor the
optical changes in a sample using light. This is accomplished by irradiating the sample with two
different beams of light: the first beam, the probe, is used to monitor the optical density of the
sample over time. This can either be a single wavelength, typically a laser, or a broadband source
(either an ordinary incandescent bulb, or supercontinuum), which can give information over any
range of wavelengths desired. The probe beam is typically weak, to minimize the influence of the
measurement itself on the sample. The second beam, the pump, is considerably stronger (in
Chapter 3, approximately 10° times more intense), and is introduced to induce an optical change
in the sample: in this work, the change in absorption during trans-cis and cis-trans

photoisomerization in PDR1A.

The intensity of the probe beam is monitored using a detector: here, the detector is a
photodiode, which produces a current proportional to the intensity of the light irradiating it via the
photoelectric effect. The probe beam in the experiments described here is continuous (excluding
the optical chopper: see Section 2.1.1.1 below), but the technique can also be applied to a pulsed

laser system, which forms the basis of the widely-used ultrafast version of the same experiment.
2.1.1.1 Optical Chopping

The pump probe experiments described in this thesis are all single-beam experiments: the
probe beam has no reference beam to account for variations in the background light levels in the

area where the experiment occurs. These variations can be minimized by using an optical chopper,
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which is a slotted wheel that rotates in the path of the probe beam. As the vanes of the wheel
alternately block and pass the probe light at a fixed frequency, the photodetector feeds the resulting
square-wave signal into a lock-in amplifier, where it is combined with the frequency information
to remove the ambient light (when the beam is blocked) from the real signal (when the beam is

allowed to pass).
2.1.2 Pump-Probe Experimental

The pump-probe experiments in Chapter 3 were conducted using a custom-built apparatus,
depicted in Figure 2.1. All optics and mountings were furnished by Melles Griot and Edmund
Optics. The two laser sources were an Ar'-ion operating at 488 nm (Melles Griot) and a frequency-
doubled Nd:YAG operating at 532 nm (Dragon Lasers) for the probe and pump beams,
respectively. The detector used was a silicon photodiode, sensitive to 400 — 1050 nm light,

operating in current output mode (Edmund Optics).

y‘? Probe

Figure 2.1 Pump-probe setup for measuring thermal azobenzene isomerization rates at high
external pressure. The probe beam, at 488 nm, travels through an optical chopper, a variable
neutral density filter, and a */4 waveplate before passing through the sample to a photodiode. The
pump beam, at 532 nm, also passes through a variable neutral density filter, followed by a linear

polarizer, a /4 waveplate, and a shutter before passing through the sample.
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The current output from the silicon detector was combined with the chopper signal
(Stanford Research Systems) and amplified by a lock-in amplifier (Stanford Research Systems),
and the resulting DC signal was processed by a digital-analog converter (National Instruments),

and recorded by a custom-programmed LabView routine coded by Dr. Kevin G. Yager.
2.1.3 Probe Beam

The PDRIA samples investigated have a visible absorbance maximum around 470 nm
(Figure 2.2), which falls near the 488 nm emission of an Ar‘-ion laser source. This line was used

to monitor the transmittance of the sample.
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Figure 2.2 The visible absorbance spectrum of PDR1A spin-coated on a glass slide, with a Anax at
approximately 470 nm. The optical density of this sample is representative of a typical sample
used in the diamond anvil cell. The probe line at 488 nm and pump line at 532 nm are

superimposed on the spectrum.

The power was typically modulated to between 0.02 — 0.2 mW-cm 2 using a variable
neutral density filter, which gave a reasonable signal to noise value while minimizing the effect on

the sample. The probe beam was initially vertically polarized from the laser source, and was
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passed through a */4 waveplate to generate circularly polarized light (to avoid molecular
orientation’?).  The isotropic nature of circularly polarized light ensures no orientational

anisotropy arises in the material while the experiment occurs.
2.14 Pump Beam

The pump beam was at 532 nm from a frequency-doubled Nd:YAG laser. The beam
intensity was modulated with a variable neutral density filter, with a typical intensity of

approximately 100 mW-cm 2.

The intensity of the pump beam was minimized while ensuring a
stable photostationary state, to minimize any potential damage to the sample, and was optimized
after each pressure adjustment. The pump laser was first passed through a vertical polarizer,
followed by a */4 waveplate to generate circularly polarized light, to avoid sample orientation in

the same manner as the probe beam.
2.2 High-Pressure Measurements

2.2.1 The Diamond Anvil Cell

The diamond anvil cell used in this study was furnished by High Pressure Diamond Optics
(Tucson, Arizona). The diamonds in the cell were type IIA, which provide the best spectral
transmission for Raman spectroscopy due to their low visible absorption and intrinsic
fluorescence.> The cell used in these experiments was capable of sustaining pressures up to ~4

GPa.
2.2.2 Diamond Anvil Cell Sample Preparation
2221 Crystalline frans- and cis-Azobenzene

trans-Azobenzene was used as received (Sigma-Aldrich, >99% purity by HPLC). Cis-
azobenzene was generated from the frans sample by irradiating a concentrated solution with 365
nm light (Driel 200 W mercury-xenon lamp) for 16 hours at 23 °C. The cis-azobenzene was then
separated from the frans on a silica column with a petroleum ether eluent: the frans isomer has a
0 D dipole moment and eluted easily, followed by the pure cis fraction eluted with acetone. Most

of the solvent was removed under reduced pressure on an ice bath, and the product was isolated as
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orange crystals by vacuum filtration and stored at —15 °C in the dark. The purity was verified by

thin layer chromatography, which showed no evidence of the trans-isomer.

The azobenzene samples were loaded into a 270 pm-thick stainless steel gasket with a 300
um hole drilled in the centre, mounted on top of the culet of one of the diamond anvils. Ruby
chips were added for pressure calibration, and the cell was sealed by placing the other anvil on

top. No pressure-transmitting medium was used with the azobenzene samples.
2.2.2.2 Poly(Disperse Red 1 Acrylate) Films

PDRI1A films were prepared by drop-casting onto the culet of one diamond anvil. A drop
(~1 pL) of PDRI1A (Sigma Aldrich) dissolved in THF (HLPC grade, stabilizer free) was dropped
onto the culet of one diamond anvil, with the THF being allowed to evaporate between drops. This
process was repeated until a uniform film with an optical density (O.D.) of ~1.5 was formed. This
0O.D. value was found to yield the best signal to noise ratio. The commercial PDR1A used was
low molecular weight, with 100% chromophore loading (i.e. a homopolymer of Disperse Red 1

acrylate).

The DAC was assembled with the polymer-coated anvil on the bottom, followed by a 270
um-thick stainless steel gasket with a 300 um hole drilled in the centre. At least one ruby chip was
added on top of the film, then the remaining void volume was filled with glycerol to act as a

pressure-transmitting medium before the cell was sealed with the second diamond anvil.
223 High Pressure Experiments

For both the Raman and the kinetic pump-probe experimental series, the same general
procedure was followed. Once the samples were prepared in the DAC, as outlined in Section 2.2.2,
the cell was allowed to equilibrate for a minimum of 20 minutes. The pressure was then
determined by measuring the ruby fluorescence, described in the next section. Finally, the
experiment was performed (either Raman or kinetic pump-probe). The pressure was then

incremented, and the process repeated until the desired maximum pressure was reached.
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2.2.3.1 Pressure Determination

Fluorescence spectra to determine the pressure inside the DAC via the ruby fluorescence
method described in the Introduction were acquired using the Raman spectrometer.* The
excitation source at 514 nm was focussed on the ruby calibrant with the Raman microscope. The
acquisition window was approximately 20 nm, centred at 694 nm to capture the characteristic ruby
doublet. The peak value of the Ri band (the more intense of the two) was analyzed and recorded
using the provided WiRE software.® The Ama of R1 was then converted into a pressure value using

Equation 1.1, as described in Section 1.2.2 of Chapter 1.
2.24 Raman Spectroscopy at High Pressure

Raman experiments were conducted using an inVia Renishaw Raman microscope
spectrometer equipped with a CCD detector and two laser sources (514 nm visible Ar*-ion and
785 nm NIR diode). Spectra acquired with the 514 nm excitation source used a holographic notch
filter to remove the excitation light, and a 2400 line/mm diffraction grating; spectra acquired with
the 785 nm excitation source used an edge filter, and a 1200 line/mm diffraction grating. The 514
nm laser was kept between 0.15 — 1.5 mW, while the 785 nm source was varied between 3 — 30
mW to avoid burning damage to the sample. The spectrometer was calibrated prior to each
measurement by performing an offset correction referencing to the silicon phonon mode centred
at 520 cm™!. The DAC was mounted under the Raman microscope using a custom-built mount
connected to the microscope’s x-y-z translation stage. A long-working-distance 20X objective

was used in all cases.
2.24.1 Raman Spectroscopy of cis-Azobenzene

Because cis-azobenzene was found to photoisomerize when exposed to the 514 nm laser
source, measurements were made with the 785 nm source when acquiring Raman spectra at
different pressures. For the photoisomerization studies, the sample was divided into five sections:
a Raman spectrum was acquired with the 785 nm source, followed by irradiation with the
isomerizing 514 nm source and a second Raman spectrum acquired, and finally a Raman spectrum
was acquired on the same spot with the 785 nm source. A different spot was used at each
subsequent pressure, to assess the ability of cis-azobenzene to undergo photoisomerization at

different external pressures.
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2.2.5 Pump-Probe Experiments at High Pressure

The pump-probe apparatus described in Section 2.1 yields a signal equal to the amount of
light passed by the sample, which is proportional to the optical density of the sample. In solution,
azobenzene derivatives undergo first-order relaxation from the cis-isomer back to the trans, as it
is a monomolecular process. This is also true in the solid phase, however the restricted chemical
environment of the chromophores results in a variety of rate constants.®’ A pseudo-first order rate
constant can be extracted by ignoring the first small portion of kinetic data, as demonstrated in
Chapter 3.3 The expression for extracting the first-order rate constant can be derived from the

Beer-Lambert relation (Equation 2.1):
A= ¢lc= ac Equation 2.1

where the ac term is a simplified expression combining the path length and molar absorptivity,
which are assumed to be constant. The expression for the total absorbance at an arbitrary time (4,)
of a sample containing some amount of #7ans- and cis-azobenzene chromophores as a simple sum

of the individual absorbance values:
Ar = Acis + Atrans Equation 2.2

The Acis and Aqans variables can be further expanded to give two expressions including the

time-dependence of the concentration of the cis-isomer:

_ . —kt for cis
Acis = Qs [CLS]Oe

ke Equation 2.3

Atrans = atrans([trans]oo - [CiS]Oe_ for trans

where acis and asans are the reduced molar absorptivity expressions for the cis- and trans-isomers,
[trans]. is the concentration of trans-isomer at infinite time (equal to the total concentration of
chromophores in the sample), [cis]o is the concentration of cis-isomer in the photostationary state
(the maximum concentration of cis possible in the sample), and e is the time-dependent term for

a first-order kinetic process. Combining the terms of Equation 2.3 into Equation 2.2 gives:

A = agglcisloe ™ + appans ([trans]e — [cis]ye™F) Equation 2.4

65



Expanding terms gives:

A = (Qpis — Aprans)cisloe ™™ + appgns[trans] e Equation 2.5
Combining terms, recognizing that the o ans| trans]. term is the definition of A«:

Ap = (Qcis = Aprans)cisloe ™ + A Equation 2.6
Finally, rearranging terms and taking the natural logarithm yields:

In(4; — Ae) = —kt(In[(a s — Arans)[cislo]) Equation 2.7

from which a plot of In[4. — 4y] as a function of time gives a linear expression with —k as the
slope. Because the experimental setup is single-beam (i.e., it does not have a reference beam),
the real optical density of the sample is not known. Instead, only the transmitted intensity, /, can
be measured, which is related to the optical density (absorbance) by the form of the Beer-Lambert

relation given in Equation 2.8:

A=—In (i) Equation 2.8

where 4 is the absorbance (optical density), proportional to the product of the concentration of the
absorber (c), the path length (/), and the molar absorptivity of the absorber (¢). The optical density
is also equal to the negative natural logarithm of the transmitted intensity (/), divided by the
intensity of the incident beam (ly). Although /y is not directly measured in this experiment, it is

not required to treat the data:

Ayp = —In (Ilﬁ) and A, = —1In (;—t) Equation 2.9

0 0

Taking the difference between the two expressions:

Ay — A = (—ln Ilﬁ) — (— lnl—t) Equation 2.10

0 Io

And rearranging the logarithms:

Aw — Ay = (In(p) — In(ly)) — (In(I) — In(ly)) Equation 2.11
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Combining terms leaves behind the final expression, free of /o:
Ap —A; = In(I;) — In(I,) Equation 2.12

showing that the natural logarithm of this expression is the ordinate value in the linear plot of In[ A«

— A;] vs. time, which does not depend on the value of .
2.3 Ultraviolet-Visible Absorption Spectroscopy

2.3.1 Instrumentation

Three different configurations of spectrometer were used in this work: an Agilent Cary 100
UV-vis dual-beam spectrophotometer (Chapter 5), a microscope-mounted Ocean Optics USB2000
single beam spectrophotometer set up for reflectance measurements (Chapter 4) and a fibre-
coupled Ocean Optics USB2000 single beam spectrophotometer for the analysis of fibre probes
(Chapter 6).

2.3.1.1 Solution-Phase Absorbance Measurements

Solution-phase samples were analyzed using the Cary instrument, which yields the most
accurate values of absorbance and peak maximum in both the solution phase, as well as thin films
coated onto microscope slides. The Cary spectrometer was equipped with a temperature-
controlled cuvette stage, which was set to 21.0 °C for all binding constant determinations. Liquid
samples were analyzed in Spectrosil quartz cuvettes with 10 mm path length and a spectral range
of 170 — 2700 nm (Starna Cells). The instrument was zeroed before each set of runs, and a baseline
correction was acquired using the same solvent as the sample solution. Measurements were

referenced to the paired cuvette containing the same solvent as the sample.
2.3.1.2 Thin Film Absorbance Measurements

Thin film samples, such as the PDR1A polymer described in Chapter 3, were analyzed on
clean glass microscope slides (FisherBrand Economy plain glass) by spin-coating the solution-
phase polymer. The coated slides were analyzed using a slide-holder mount in the instrument, and

references to a clean slide from the same lot where possible.
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2.3.1.3 Fibre Absorbance Measurements

Absorbance measurements made on fibre optics via the evanescent wave are described in

more detail in the Experimental section of Chapter 6.
2.4 Inverse Opal Films

2.4.1 Substrate Preparation

IOFs were prepared on P-type silicon [100] wafers (University Wafer), cut into 1 cm-wide
strips. Immediately prior to use, substrates were cleaned by immersion in 3:1 concentrated sulfuric
acid/30% hydrogen peroxide, while heating for 30 minutes. The wafers were then rinsed with 18.2

MQ:-cm water and dried under a stream of air.

2.4.2 Inverse Opal Film Synthesis

Large-area crack-free inverse opal films were fabricated using the technique first reported
in Reference 9, and used extensively by the Aizenberg group as reported in References 10 — 13.
A suspension of monodisperse poly(methylmethacrylate) microspheres in a solution of silica
precursor was slowly evaporated onto an immersed substrate. A thin film of silica with ordered
PMMA microspheres was left behind, and the film was then calcined to remove the polymer sphere

template.
24.2.1 Monodisperse PMMA Microspheres

PMMA microspheres were synthesized by surfactant-free emulsion polymerization, as
described in References 9 and 14. 90 mL deionized water and 0.2 g ammonium persulfate were
added to a 500 mL round bottom flask equipped with a reflux condenser and stir bar. The flask
was heated to 80 °C in an oil bath, and the solution was stirred at 400 rpm for a minimum of one
hour. Separately, 10.5 mL methyl methacrylate, 0.0948 mL ethylene glycol dimethacrylate, and
0.0473 mL 1-decanethiol were combined in a vial and sonicated for 5 minutes. The monomer
mixture was then injected into the round bottom flask as rapidly as possible, while minimizing the
disturbance to the solution. The combined monomer and initiator solution was then allowed to stir

at 80 °C for 5 — 6 hours, until the suspension became opaque and white.
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The crude colloidal suspension was allowed to cool, then poured into a dialysis bag and
dialyzed in a 2 L beaker filled with deionized water while slowly stirring. The dialysis was allowed
to run for 7 days, with the water being changed every 24 hours. The monodispersity of the
microspheres was then verified by allowing a droplet of suspended spheres to dry on a glass slide.
The presence of iridescence in the resulting film indicates a high degree of monodispersity, owing
to the high sensitivity of the optical phenomenon to the regularity of the crystal elements. The

spheres used in this study had a diameter of 300 nm, with a 3% standard deviation.
2.4.2.2  Opal Film Synthesis

Opaline films were fabricated by combining the PMMA microsphere suspension with a
pre-hydrolyzed silane solution, followed by evaporation onto a silicon wafer. The silane solution
was prepared by mixing 5.0 mL of 0.01 M HCI, and 9.5 mL ethanol in a 25 mL vial, along with a
magnetic stir bar. To this solution was added 5.0 g tetracthoxysilane. The resulting solution was

stirred for 1 hour at 300 rpm to allow the silane to hydrolyze.

The colloidal suspension was sonicated to ensure good dispersion. Approximately 0.2 mL
of the colloidal suspension was mixed with 20 mL deionized water in a 25 mL vial, followed by
0.95 mL of the TEOS solution from the previous section. A piece of pre-cleaned silicon wafer
(Section 2.4.1) was suspended vertically in the solution, and the vial was placed in a 65 °C oven
on a vibration-free table. The solution was allowed to evaporate completely, leaving behind

opaline films.
24.2.3 Inverse Opal Film Synthesis

The silicon wafers coated with the opaline films were placed, polished side up, in a muffle
furnace. The temperature was increased from ambient temperature to 500 °C over five hours, held
at that temperature for 2 hours, and then allowed to cool back to room temperature over one hour.
This process oxidized the polymer microspheres, leaving behind a network of interconnected holes

surrounded by a silica matrix.
243 Multilayering on Inverse Opal Films

The multilayering procedure here differ only from the general procedure described in

Section 2.6 below in the amount of time the substrates were immersed in the polyelectrolyte
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solutions. The immersion time was increased to compensate for the slower diffusion of
polyelectrolytes into the complex architecture of the IOFs. I0Fs were cleaned by immersing
samples in ‘acid piranha’ (3:1 concentrated sulfuric acid: 30% hydrogen peroxide solution) and
heating for 30 minutes. The samples were then rinsed well with water and allowed to dry in air.
IOFs were surface-functionalized prior to multilayering with an amine-terminated silane, to give
the surface a positive charge. Cleaned IOFs were immersed in a 2% w/v solution of (3-
aminopropyl)trimethoxysilane (APTMS: Figure 2.1 A) in acetone for 30 minutes, then rinsed

thoroughly with water and allowed to dry.
* ®
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Figure 2.3 A) (3-aminopropyl)trimethoxysilane, used to impart a positive charge on the silica

surface of the IOFs. B) poly(Disperse Red 1 acrylate—co—acrylic acid).

The surface-functionalized IOFs were then immersed in a saturated solution of
poly(Disperse Red 1 acrylate—co—acrylic acid), Figure 2.3 B, in a 1:1 mixture of DMF/water. The
DMF was necessary to ensure solubility of the polymer, as well as completely wet the internal
structure of the IOF. The IOFs were allowed to sit in the polymer solution for 8 hours, which gave
a stable final colour to the structure, and ensured a thermodynamically stable polymer layer was
deposited. The IOFs were then rinsed twice for one hour in fresh 1:1 DMF/water solution to ensure

any excess polymer was removed.
2.5 Synthesis

2.5.1 General Considerations

Specific synthetic procedures for individual compounds are given in the Supplementary

Information of their corresponding chapter. Except where noted, water used was always 18.2
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MQ-cm, from a Millipore Milli-Q Academic water filtration unit. Solvents were used as received,

and supplied by either Caledon or Fisher Scientific.
2.5.2 Purification

Indicator molecules were typically purified by HPLC due to the highly polar boronic acid
and amine functional groups. As a result, yields reported in Chapters 5 and 6 are the crude yield,

prior to HPLC purification.
25.2.1 Flash Chromatography

Flash chromatography was performed automatically using a Teledyne Isco CombiFlash
Companion Ry, with dual detection at 254 and 280 nm. Typically, samples were loaded by
evaporating a solution of crude product onto Celite 545 (Fisher Scientific) under reduced pressure,
and placed above the column using a solid-loading attachment; where noted, the sample was
injected directly onto the column as a solution in toluene. Columns were pre-packed SiliaSep™
silica columns, 40 — 63 pum particle size with 60 A pores (SiliCycle). The mobile phase was either
a gradient of EtOAc in hexanes (Fisher Scientific, ACS grade), or MeOH in DCM (Fisher

Scientific, ACS grade) for more polar compounds.
2.5.2.2 High Performance Liquid Chromatography

High performance liquid chromatography (HPLC) was found to be the most effective
method of purification for the highly polar azobenzene derivatives with both amine and boronic
acid moieties. Separations were performed using an Agilent 1260 Infinity system, running
OpenLab CDS ChemStation Edition control software. Fractions were detected using a diode array

detector, acquiring at 300 and 550 nm (£2 nm), referenced to the absorption at 800 nm (£25 nm).

All separations were performed using a YMC AQ12S05 C18 250%10 mm semi-preparative
column, with 5 pm beads and 120 A pore diameters. Typically, separations were run over 50
minutes, with a 32 minute gradient of ACN in 18.2 MQ-cm water plus purge cycle. The specific
gradient conditions were optimized for each compound, and can be found in the Experimental
section in Chapter 4. Samples were dissolved in HPLC-grade MeOH (Fisher Scientific) and
filtered through a 0.22 um PTFE syringe filter (Wyvern Scientific) prior to injection.
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2.5.3 Characterization Methods
2.5.3.1 Mass Spectrometry

High-resolution mass spectra were acquired on a Bruker Maxis Impact Quadrupole-Time
of Flight mass spectrometer, with a source voltage of 4.5 kV. The boronic acid derivatives
described in Chapter 5 were typically observed as the dimethyl ester of the parent, plus a sodium

ion.
2.5.3.2 Nuclear Magnetic Resonance Spectroscopy

"H NMR spectra were acquired using either 500 or 400 MHz Bruker instrument, or a 400
MHz Varian spectrometer. '*C spectra were acquired with a Varian 75 MHz instrument. The *C
signal from the carbon atom directly attached to boron atoms was often absent, as has been noted

in the literature, likely due to quadrupolar relaxation.!>!¢

Proton-detected heteronuclear single quantum coherence (HSQC) and heteronuclear
multiple quantum coherence (HMQC) pulse sequences were used to acquire carbon chemical shift
data for the boronic acid compounds, where the amount of sample available was insufficient for a
direct *C measurement. The HSQC pulse sequence detects '*C signals directly connected to 'H
atoms, while the HMBC sequence yields '*C signals from atoms up to 3 bonds away from a 'H

atom: the combination of the two techniques yields a complete set of '*C data for these compounds.
2.5.3.3 Gel Permeation Chromatography

Gel permeation chromatography was used to determine the molecular weight range of
synthesized polymers. Measurements were performed using an Agilent GPC 50 instrument
(Agilent/PolymerLab), equipped with two analytical columns (mix beds, PolyAnalytik) and guard
column. Calibration was performed with polystyrene standards from PolyAnalytik. Runs were

performed at 30 °C, with 1 mL-min ' flow of HPLC-grade THF.
254 Polymerization Reactions

The acrylate polymers used in Chapters 4 (poly(Disperse Red 1 acrylate-co-acrylic acid))

and 6 (boronic acid-functionalized azobenzene acrylate/acrylic acid copolymers) were synthesized
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via free-radical polymerization, thermally initiated with azobisisobutyronitrile (see Figure 2.4

below).

NSCXN\\N SC?fN\\Q')MC\\\N — > N, + J\

Figure 2.4 Azoisobutyronitrile (AIBN) radical generation for free-radical polymerization. AIBN

>< hv, A N
C\\ -
~N N//C

(left) undergoes homolytic cleavage either thermally or photochemically according to the
mechanism in the centre, yielding one equivalent of nitrogen gas and two equivalents of 2-

cyanoprop-2-yl radical.

AIBN undergoes homolytic cleavage to form two 2-cyanoprop-2-yl radicals, which has an
approximately 10-hour half-life at 60 °C.!7 The radicals go on to attack the acrylate monomers
according to the scheme in Figure 2.5. The radical attacks the double bond on an acrylate group
(R = OH, azo), forming a new C-C bond and migrating the radical to the acrylate group. The new
acrylate radical attacks another acrylate group, and the reaction propagates until termination by
another 2-cyanoprop-2-yl radical, a second growing polymer chain radical, or other contaminant

present in the polymerization flask.
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Figure 2.5 Polymerization initiation by the 2-cyanoprop-2-yl radical. After an initial attack of the
radical on an acrylate group (initiation), the acrylate radical then attacks other acrylates in the
propagation phase. Propagation continues until termination, which can be another 2-cyanoprop-

2-yl radical, or a contaminant such as oxygen.

Thermally-initiated free-radical polymerization is a facile method of generating polymers,
and works well for acrylate derivatives. Molecular weights of the resulting polymers tend to be
relatively low, and the polydispersity indices (PDIs) are often high. Although these factors are
important for typical polymers due to their effect on the material properties of bulk samples, the
same is not true for polymers used to construct polyelectrolyte multilayers. Above a relatively

small polymer weight, stable polyelectrolyte adsorption is achieved, and the material properties
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(modulus, charge, water content) are determined primarily by the assembly conditions (pH, ionic

strength, polymer pKa,) rather than the molecular weight or PDI.!#2°

Polymer purification was accomplished in the current work by precipitation, since column
chromatography was not possible. The polymer was dissolved in a minimum of favourable
solvent, then precipitated by slow addition of the polymer solution to a rapidly stirring beaker
containing excess (ca. 200x v/v) of an unfavourable solvent for the polymer. The relatively higher
solubility of the monomer in the second solvent results in the removal of residual monomer and

oligomers from the polymer, and the pure solid was then recovered by vacuum filtration.
2.6  Polyelectrolyte Multilayers

Polyelectrolyte multilayers were assembled on various substrates in Chapters 4 and 6.
Substrates were cleaned by immersion in ‘acid piranha’ solution (3:1 concentrated sulfuric
acid/30% hydrogen peroxide) for 30 minutes, followed by rinsing with water prior to
polyelectrolyte assembly. The negatively-charged substrate generated by the piranha cleaning was
then immersed in a 102 M solution of cationic polyelectrolyte (concentration calculated by
monomer), typically with 10 M sodium chloride to keep the ionic strength approximately equal
between solutions (ionic strength varies slightly due to the pH adjustment). Substrates were
immersed in the polyelectrolyte solution for 10 minutes, followed by three washes in pH-adjusted
water to remove excess polymer. The sequence was then repeated in the anionic solution. Section

1.4.1 in Chapter 1 outlines the theory of polyelectrolyte multilayer assembly.
2.6.1 Multilayer Thickness Measurements

Null ellipsometry was used to measure the thickness of the polyelectrolyte multilayers,
where possible. Ellipsometry is not an accurate method of measurement on substrates with
complex geometries such as the IOFs discussed in Chapter 4 and the fibre optic probes in Chapter
6 instead, films were fabricated on clean P-type silicon [100] wafers (University Wafer) in parallel
with the other substrates. Silicon wafers are suitably flat to allow for ellipsometric measurements
to be useful, and the films deposited on the silicon substrates serve as a good analogue to the other

surfaces.
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2.6.1.1 Null Ellipsometry

Thickness measurements by null-ellipsometry were performed using a Gaertner Scientific
L2W16D.830 single-wavelength ellipsometer. Measurements were made on single crystal silicon
substrates to ensure adequate substrate flatness. The similar surface chemistry of silicon and glass
(silica) substrates allows thickness on glass substrates to be considered the same as those measured

on silicon.
2.6.1.2 Thickness of PDR1A on IOFs

The PDR1A-co-AA layers applied to the IOFs were only a single layer, and proved too
thin to measure directly with ellipsometry. Instead, a series of bilayers (PDR1A-co-
AA/PDADMAC) were fabricated, and the thickness was measured every 5 bilayers. This gives
an approximately linear plot of film thickness as a function of the number of bilayers (Figure 2.6),
with a slope of 2.6 nm-bilayer’!. The single layers used in the bleaching experiments were thus

determined to be on the order of 1 nm thick.
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Figure 2.6 Plot of film thickness as a function of the number of bilayers deposited.
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Rationale for: Azobenzene Photoisomerization Under High External
Pressures: Testing the Strength of a Light-Activated Molecular
Muscle

The trans-cis isomerization of azobenzene derivatives has been extensively investigated
and exploited in the scientific literature, as outlined in the Introduction section. The ability to
measure and quantify the extent of this process, as well as the rate at which it occurs, is interesting
from a fundamental perspective, and essential if the molecules are to be used as a photoswitch.
Chapter 3 of this work, which was published in the Journal of Physical Chemistry B under the title
“Azobenzene Photoisomerization under High External Pressures: Testing the Strength of a Light-
Activated Molecular Muscle,” investigates the effect of external pressure on the isomerization

behaviour of a polymeric azobenzene derivative.

GPa

trans CIS
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Chapter 3: Azobenzene Photoisomerization Under High External
Pressures: Testing the Strength of a Light-Activated Molecular
Muscle

3.1 Abstract

The photo-induced isomerization and thermal back relaxation of an azobenzene-
functionalized polymer poly(Disperse Red 1 acrylate) were investigated at increasing external
pressures up to 1.5 GPa inside a diamond-anvil spectroscopic cell. The thermal cis-trans
isomerization was monitored by laser pump-probe spectroscopy, which demonstrated an increase
in the half-life of the isomerization process with increasing pressure. Additionally, the cis content
of the photostationary state gradually decreased as a function of pressure, with complete arrest of
the trans-cis photoisomerization above 1.5 GPa. The fact that the photoswitching behaviour
however could still be observed beyond 1 GPa is remarkable, and is effectively a measure of the
strength of the azobenzene chromophore as an artificial muscle. The changes in the Raman shifts
of both frans- and cis-azobenzene were also investigated from ambient pressure up to 4 GPa and
no discontinuities were observed in the pressure vs. wavenumber plots indicating no change in
phase. The cis-trans photoisomerization of azobenzene was shown however to still be inducible
at all the pressures investigated, confirming the suitability of these molecules for high efficiency

light actuation.
3.2 Introduction

At the heart of all members of the large family of azo-aromatic chromophores is the parent
azobenzene molecule, which consists of two benzene rings joined by an N=N double bond. These
molecules are ubiquitous in everyday life, forming the core of more than 70% of commercial dyes
owing to their vibrant, chemically tuneable colours, and extreme durability even upon continuous

irradiation.'-?

Most recently, azo compounds have also been the subject of numerous photo-
switching studies by the chemistry, physics, and engineering communities because of their wide-
ranging photochemical and photophysical properties. Upon irradiation with a suitable wavelength

of light (in the UV or visible), a change from the stable frans-isomer to the metastable cis-isomer
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is induced, a process which can be reversed either photochemically or thermally. This reversible
geometric effect was first noted in 1937 by Hartley, when he observed that the solubility of

azobenzene changed upon irradiation.’

Except for some special cases where isomerization is
extremely sterically hindered,*> essentially all azobenzene derivatives are capable of undergoing

this reversible cis-trans photoisomerization (Figure 3.1 A).

A B . *
Ns "
o -

N._ CH3
AhV' || hv /O/
N
i
N3 /©
N

o
O,N
Figure 3.1 The two azobenzene chromophores investigated in this study: A) trans-(Z)-azobenzene,
on the top left, adopts a planar geometry, while the benzene rings on cis-(E)-azobenzene are
skewed out of plane® B) PDR1A, on the right, consists of the Disperse Red 1 chromophore bound

to a polymeric acrylate backbone.

Although influenced somewhat by the electronic and steric effects of particular derivatives,
the same basic geometry is present in most azo-containing molecules.” Of most recent interest, in
addition to the microscopic change in molecular structure, isomerization has now been developed
to induce large-scale secondary effects in polymers and materials containing azo-chromophores.
These effects vary in sizescale and magnitude, ranging from the molecular lengthscale as light
power for molecular machines,®!° through to macroscopic formation of micron sized surface

1LI2 and even deformation of coated substrates to transfer mechanical

patterns upon irradiation,
work as layers of ‘artificial muscles’ actuating over many centimetres.'>!* Despite these many
recent applications however, there remains great uncertainty over the basic mechanism of photo-
mechanics, and even the isomerization itself, and the limits of how much light energy can be
harvested and transduced. Until there is a far more complete set of basic physical measurements

into the effect, materials cannot be optimized for any of these applications.
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In this pressure study, we examined both the simple parent molecule azobenzene, and one
of the most successful photo-switch derivatives, poly(Disperse Red 1 acrylate) (PDR1A; structure
depicted in Figure 3.1 B), based on the Disperse Red 1 azo dye. The simple parent azobenzene
molecule receives less attention in recent material applications, but is well suited for fundamental
studies into its isomerization mechanism and due to its structural simplicity is valuable as a starting
point for new spectroscopic techniques. Azobenzene also exhibits a very slow thermal cis-trans
reconversion rate relative to most functionalized derivatives, allowing the most facile investigation
of the cis form by Raman spectroscopy under pressure at ambient temperature conditions, since
these experiments require samples to be stable for hours. PDR1A is a more recent azo derivative
polymer material that was developed in the 1990s and widely applied to optic, photonic, and
holographic applications owing to its fast switching, photo-refractivity, photo-reorientation and
stability as a data-storage medium. It was developed to optimize optical properties and speed and
efficiency of photo-switching, necessary for the transmission-based kinetics measurements
reported here: thermal reconversion rates are on the order of seconds. This allows for a substantial
amount of kinetic data to be acquired in a relatively short timeframe without requiring the use of
ultrafast laser equipment. The absorption spectrum of PDR1A is also amenable to pump-probe
kinetic measurements at convenient and non-interfering wavelengths in the visible—the peak
absorbance is a broad feature at approximately 480 nm in the solid phase—making the choice of
pump and probe wavelengths straightforward and not requiring the added complication of UV
light sources.

Mass surface migration of azo thin films upon irradiation with isomerizing wavelengths of
light is another fascinating and curious effect unique to azo-functionalized materials.!>' Pressure
has been implicated as the leading mechanism by which repeated isomerization could induce
macroscopic movement of the material, yet more fundamental studies are needed.?’?! The free
volume requirement for isomerization to proceed is larger than the volume of either the trans or
cis-azo chromophore,”>?* and thus isomerization occurring in free volume pockets in the host
material smaller than this isomerization requirement can generate a local pressure. A chromophore
birefringence study of the effect of pressure up to 0.2 GPa on information storage ability in an azo-
doped polymer was reported by Sekkat et al., which noted a retardation in the rate of orientation
at these moderate pressures: another study by this group also suggested the onset of isomerization

hindrance in this modest pressure regime.?>** We report here the results of a full high-pressure
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visible and Raman spectroscopic study of the basic process (up to 4GPa) of the thermal and photo-
induced cis-trans isomerization of the azobenzene molecule, as well as an examination of the

kinetics of the cis-trans thermal isomerization of PDR1A under pressure.
3.3 Experimental Section

3.3.1 Raman Measurements

Raman spectra were obtained using an inVia Renishaw spectrometer equipped with a CCD
detector and two laser sources (514 nm visible Ar” ion and 785 nm NIR diode). Measurements
made using the 514 nm laser (Spectra-Physics) involved a 2400 line/mm diffraction grating and a
holographic notch filter, while for the 785 nm laser (Renishaw), a 1200 line/mm diffraction grating
and an edge filter were employed. In order to achieve the best possible resolution while avoiding
damage to the sample, the power of the 514 and 785 nm lasers was varied in the ranges of 0.15—
1.5 and 3-30 mW, respectively. The Raman spectrometer was calibrated prior to each set of
measurements by exciting a silicon sample placed under the microscope and performing an
automatic offset correction. The proprietary Renishaw WiRE 2.0 software was used for the data
acquisition and subsequent treatment.?” All measurements were performed at room temperature

and the experimental data are considered to be accurate to within 1 cm™.
3.3.2 High Pressure Apparatus

The high-pressure measurements were carried-out in a diamond-anvil cell (DAC),
furnished by High Pressure Diamond Optics, Tucson, AZ and fitted with type-IIA diamonds.
Samples were introduced, together with several ruby chips, into the 300-um circular hole of a
stainless-steel gasket (7 mm x 7 mm x 270 pum) and squeezed between the parallel faces of the
DAC. The change in fluorescence wavelength of the R; line (*E=> “A») of ruby was used to
determine the applied pressure.”® The DAC was mounted on the XYZ manual stage of a Leica
microscope and the laser beam was focused onto the sample through a long-working-distance 20x
objective. No pressure-transmitting medium was used for solid azobenzene samples; glycerol was
used for the kinetic measurements of the PDR1A isomerization. After each increase in pressure,

the sample was allowed to equilibrate for a minimum of 20 min prior to data collection.
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3.3.3 Kinetic Measurements

The thermal cis-trans isomerization of PDR1A films was measured at various pressures
between ambient and 4 GPa using the diamond-anvil cell. A thin film of the polymeric
chromophore was deposited on one face of the diamond anvil cell by placing a drop of concentrated
solution of PDR1A in THF (Fisher Scientific, HPLC grade) on the face of one diamond anvil, and
allowing the solvent to evaporate. Owing to the thermally sensitive nature of the apparatus, the
films were not annealed, so some residual solvent likely remained in the film thus lowering the
bulk modulus. The optical density of the films investigated varied between approximately 1.3 and
1.5 at 488 nm. The films were inspected for optical clarity and then the DAC was assembled as
described in the previous section. Pump-probe trans-cis flash photolysis kinetic measurements at
various pressures were acquired using the optical apparatus shown in Figure 3.2. Trans-cis
photochemical isomerization was induced in the film by irradiation with a 100 mW-cm™
circularly-polarized, unfocussed beam from a frequency-doubled Nd:YAG laser operating at 532
nm. Circular polarization was used to avoid orientation of the azobenzene chromophores, which
could result in anisotropic absorbance readings.> Typically, a pump cycle of between 0.5 and 1 s
was used to induce isomerization and ensure saturation of cis isomer in the photostationary state;
this period of irradiation at 100 mW-cm 2 was low enough to avoid heating the sample, so the
kinetic measurements can be considered acquired at room temperature.”’ A 488 nm probe beam
from an argon ion laser was chopped mechanically at 1410 Hz and attenuated to <1 pW, and then
passed through the sample to a photodiode detector, where the intensity was recorded as a function
of time. The intensity of the probe beam is proportional to the cis-content of the film, and can be
converted to an approximate fraction of the film isomerized to the cis isomer using the molar

absorptivity values for cis and trans-PDR1A from Reference 30.
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Figure 3.2 Pump-probe beam geometry through the diamond anvil cell. A film of PDRIA
approximately 1 um thick is held in a 270 pum-thick gasket between the two diamond faces. The
void volume of the gasket (300 um diameter) is filled with glycerol to act as a pressure-transmitting

medium.
3.3.4 Sample Preparation

trans-Azobenzene (tAB) was purchased from Sigma-Aldrich (>99% purity by HPLC) and
was used without further purification. cis-Azobenzene (cAB) was prepared by adaptations of the
method used by Cook and the observations of Frankel and Wolovsky.*!*? A concentrated solution
of tAB in light petroleum ether was irradiated at 365 nm with a Driel 200 W mercury-xenon UV
lamp for 16 h at 23 °C in order to generate cAB. The cAB was then separated from the tAB on a
20 cm silica column by eluting the mixture with light petroleum ether. The cAB was visible as a
dark orange band that was retained in the top 5 cm of the column, while the tAB was eluted by the
petroleum ether. After all visible remnants of the tAB had been removed the cAB was eluted with
acetone and collected. The cAB was then dried by rotary evaporation in an ice bath (to prevent
thermal conversion to tAB) followed by vacuum filtration at room temperature in a dark
environment. The cAB was stored in the dark at—15 °C. Before the Raman spectra were collected,

the purity was checked by thin layer chromatography (TLC) and there was no evidence of tAB.*?
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The effect of external pressure on the kinetics of the thermal cis-trans isomerization was
investigated using a low-molecular weight polymer of Disperse Red 1 acrylate, purchased from

Sigma Aldrich (T¢ 79 °C) and used without further purification.
3.4 Results and Discussion

3.4.1 poly(Disperse Red 1 acrylate)

A typical pump-probe curve for PDR1A is presented in Figure 3.3. The ordinate value is
the cis composition of the sample expressed in mole percent, calculated from the optical density
of the sample using absorptivity values derived from Reference 30. The absorptivity value
employed here, for a poly(methyl methacrylate) (PMMA) film doped with non-polymeric Disperse
Red 1 (DR1), should have similar enough optical properties to the PDR1A samples investigated
to approximate the composition of the sample as a function of time. For an arbitrary film an all-
trans DR1-PMMA sample will have an optical density of 0.65, while the same film with all
chromophores in the cis form will have an optical density of 0.35. The absorbance of the sample

at any time for any composition can be written as:
Ay = Acis + Atrans Equation 3.1
and, expressing each absorbance as a product of the absorptivity and mole fraction:

Ar = acisfeis + Aeransferans Equation 3.2

This expression can now be converted to an expression containing only the fraction of the sample

in the cis-state, using the relation:
ferans + feis =1 Equation 3.3

Inputting all the known values gives an expression for the cis fraction, normalized to Ayans = 1:

1-A;
0.46

feis = Equation 3.4

This value is then multiplied by 100% to yield the percentage of the sample in the cis form.
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Figure 3.3 Typical pump-probe curve of PDR1A in the diamond anvil cell. The plot can be broken
into three sections: A) the initial all-trans state with pump light off, followed by B) pump light on
where the sample quickly reaches its photostationary state, and finally C) thermal relaxation of the

cis-PDR1A chromophores after the pump light is turned off.

The pump power necessary to achieve the highest possible cis conversion was determined
by varying the pump power at ambient pressure until no further decrease in absorption intensity
was observed; this situation was also verified periodically at elevated pressures to ensure this value
did not change. The effective pump power required was determined by the photochemical
quantum Yyields of the cis and frans isomers of the azobenzene chromophore, and these values
could be determined by the method developed by Sekkateral’® A pump intensity of 100
mW-cm 2 was found to be adequate to achieve this level of conversion, which is typical for
azobenzene samples in the literature. This power has also been shown to be low enough to not

cause permanent burn damage to the sample.>*

The average of several of these curves at a given pressure were plotted as In[4» — A;] versus

time, where A represents the all-trans absorptivity at “infinite time,” yielding an approximately
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linear plot with a slope of —k. The data from the first few seconds after the pump beam was shut
off were omitted from the analysis, as deviation from linear kinetics was observed in these samples.
When this brief anomalous region is omitted, rate analysis is cleanly first-order, as per usual data

treatment in the solid state.?2>
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Figure 3.4 Plot of the fraction of cis in the photostationary state upon being irradiated by 532 nm

light under high external pressure.

Figure 3.4 illustrates the decrease in the cis chromophore population in the photostationary
state as the external pressure on the sample was increased. In the previous study by Sekkat et al.

discussed previously,?

it was found that the free volume of azo-functionalized polymer films
exposed to high external pressure decreases, thereby affecting the rate of photo-orientation of the
chromophores when exposed to polarized light. These authors found that the extent of
chromophores able to reorient within the polymer decreased linearly with applied pressure from
ambient up to 0.15 GPa, along with an associated pressure dependence of the thermal cis-trans
isomerization rate. That observation appears consistent with our measurements, which cover a

pressure range an order of magnitude greater than the data in Reference 25. It was suggested that

87



their results are consistent with a model of motion retarded by molecular friction—the matrix
surrounding the chromophores hinders the motion of the chromophore while it sweeps out a
relatively large volume during isomerization. Interestingly, the molecular orientation effect
investigated in Reference 25 is quenched at 0.15 GPa. It seems clear that reorientation of the entire
chromophore to align the dipole with polarized light, along with the covalently attached polymer
backbone, has a much higher free volume requirement than does simple trans-cis isomerization
without orientation. This lends further credence to decreased free volume in the film resulting in

increased molecular friction.
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Figure 3.5 Plot of first-order half-life of the thermal cis-trans isomerization in PDR1A as a

function of external pressure.

The rate of isomerization of PDR1A showed an increase in half-life by an order of
magnitude over the range of pressures investigated, before the photochemical process that
generates the cis isomer is ultimately shut down. First-order kinetic processes are not dependent
on the initial concentration of reactants, and it has been shown repeatedly in the literature that
repeated pump cycles on typical chromophores have no effect on the kinetics of the process.**

This indicates that the retardation of the isomerization is purely an effect of the external pressure.
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As with the fraction of the sample able to undergo isomerization, discussed above, the decrease in
film free volume and corresponding increase in molecular friction appear to hinder the thermal

cis-trans isomerization event, resulting in the observed increase in thermal half-life.
3.4.2 trans-Azobenzene

It is well known that applying an external pressure to a crystal leads to a compression of
the unit cell, an amplification of interatomic and intermolecular interactions, and an increase of
the energy of the vibrational modes.*®*” Solid tAB, at atmospheric pressure, takes up 0.4% less
volume than does cAB due to differences in the crystal packing order of the molecule.” In solution,
calculations have shown that the free volume required for isomerization is 0.12 nm?® for inversion
or 0.25 nm® for rotation,?? but, to our knowledge, no consideration of the volume for solid
isomerization has been undertaken. Given the previously mentioned volume considerations and
the energy gap between the two isomers (49.1 kJ-mol™),*® it would not be expected that
mechanical pressure could force isomerization from tAB to cAB, because although the molecular
volumes of the trans and cis isomers are similar, the volume of the transition state required to

convert between them is significantly larger.?

Successive measurements were made at increasing pressures up to 4 GPa using a 514 nm
probe laser. Plots of wavenumber versus pressure were linear suggesting that no phase transition

occurred up to 4 GPa (Figure 3.6).
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Raman shift (cm™)

The associated dv/dP values for tAB vibration are listed in Table 3.1. No peaks were
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Figure 3.6 Pressure dependences of the principal Raman wavenumbers of tAB.

formed that would correspond to cAB (as determined by comparison with spectral acquisitions for
cAB at atmospheric and high pressure with a 785 nm laser), so it was determined that tAB was not
being isomerized to cAB by the applied pressure. The peak that was initially present at 1588.9

cm! split into two peaks. It was observed that several new peaks between 1400 and 1700 cm™

90



started to appear at a pressure of ~0.6 GPa, and they were persistent until a pressure of ~3GPa.
However, it is felt that these few spectral changes cannot be attributed to an actual phase transition,
and some related high-pressure work on azobenzene and hydrazobenzene that has recently been
reported by Song’s group supports this contention.* In their study, the two compounds were also
compressed in a DAC at room temperature, but up to much higher pressures of 28 GPa, followed
by subsequent decompression. trans-Azobenzene did undergo a phase transition but at about 10
GPa, and further compression to 18 GPa resulted in an irreversible breakdown of the molecular
structure. Some band positions and dv/dP values were also reported and a few of these data are

compared in Table 3.1 (in parentheses).

Table 3.1 Pressure dependences of tAB Raman peaks.

Wavenumber (cm™) dv/dP (cm™!/GPa)
136 (135) 191 (9.8)
221 4.4

243 (243) 58 (5.6)
254 9.0

415 5.9

613 (605) 0.8 (0.8)
668 1.4
1000 (998) 32 (28)
1145 (1142) 24 (3.7)
1158 (1156) 35 (4.9)
1180  (1182) 46 (4.5)
1185 5.5

1440 2.2

1471 1.8

1491 (1483) 1.8 (22)
1586 3.6
1590  (1590) 45 (3.1
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The proposed vibrational assignments based upon their ab initio calculations are also reported in
their paper. The pressure dependences are for the most part in reasonable agreement with one

another.
3.4.3 cis-Azobenzene

The Raman spectrum of a sample of cAB collected using the 514 nm laser shows only the
features characteristic of tAB, indicating that cAB converts to tAB on exposure to light of this
wavelength. However, when the 785 nm laser was used the Raman spectra of the two isomers

were distinct.
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Figure 3.7 Raman spectra of a sample of cAB measured in the same spot with the following

sequence of excitation: A) 785 nm; B) 514 nm and C) 785 nm.

Figure 3.7 shows the Raman spectra of a sample of cAB measured in the same spot using
the following sequence of excitations lines: 785, 514 and 785 nm. The peak at 1511cm™!, assigned
to N=N stretching vibration of cAB is only present in the first Raman spectrum measured with the

785 nm laser.** After the sample was exposed to the 514 nm laser, which produced a tAB
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spectrum, the 785 nm laser also produced a spectrum corresponding to that of tAB. This result
was clearly due to photoisomerization occurring when the sample was exposed to the 514 nm
excitation. Furthermore, it was found that the area of the cAB isomerized by the 514 nm laser was
limited to that part of the sample where the beam had been focussed, while the scattered light did

not affect the cAB in the area adjacent to the laser beam.

Up to a pressure of ~3.2 GPa, the Raman spectra from a sample of cAB, collected with the
514 nm laser, still showed features only characteristic to tAB leading to the conclusion that
mechanical pressure cannot lock the cis-form into a stable enough configuration so that
photoisomerization is prevented. Spectra collected from region #5 of a cAB sample with a 785
nm laser—both at high pressure and after the pressure was released—still produced the cis spectra
and therefore showed that mechanical pressure (up to 3.2 GPa) cannot force isomerization of cAB
to tAB. This result shows that photoisomerization can occur not just in solids but even in solids
under high pressures.*!** Furthermore, the spectra of the azobenzene at atmospheric pressure after
being photoisomerized at high pressure is that of pure tAB suggesting that the isomerization occurs

just as cleanly (without side reactions) and reversibly as it does in solution at atmospheric pressure.
3.5 Conclusions

The trans-cis photoisomerization and cis-trans thermal isomerization of poly(Disperse Red
1 acrylate) was investigated over a large range of external pressures. It was found that the fraction
of the film that could be photoisomerized to the metastable cis form decreased from over 25% at
ambient pressure to less than a detectable amount above 1.5 GPa. This indicates a reduction in
free volume in the film, which reduces the number of chromophores able to undergo
photoisomerization from the frans to the cis isomer. In addition, the half-life of the thermal cis-
trans reverse reaction increased by an order of magnitude, showing high pressure diminished
significantly the rate of isomerization as well as the extent of the isomerization. The effect of high
pressure on the Raman spectrum of tAB has been investigated at room temperature with the aid of
a DAC up to 4 GPa. All the Raman modes of tAB were shifted linearly towards higher
wavenumbers with increasing pressure, indicating no phase transition occurred in this pressure
range. In addition, it was found that external pressure up to 4.1 GPa cannot force the isomerization
of tAB to cAB. Up to 3.2 GPa, cAB is photoisomerized to tAB, when irradiated with 514 nm
light, as shown by the disappearance of the N=N stretching mode at 1511 cm™.
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Taken together these studies demonstrate the robustness and effectiveness of the azo
chromophores under extreme pressures over many isomerization cycles. The fact that reversible
photo-switching could be induced in PDRIA even at more than 1 GPa (albeit somewhat
diminished compared to atmospheric pressure) also demonstrates convincingly that the azo
molecules have the capacity to be employed as quite powerful molecular muscles. This is also a
clear demonstration of harvesting photons of sunlight wavelength and intensity to perform a
considerable amount of mechanical work, thus these azo materials can be regarded as promising
for solar light transducing materials, directly from light energy to mechanical work, robustly,

reversibly, and efficiently.
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Rationale for: Photo-tuning of Highly Selective Wetting in Inverse
Opals

The work described in the following chapter is the result of a successful collaboration with
Prof. Joanna Aizenberg and Dr. Ian Burgess at the Wyss Institute at Harvard University, combining
their expertise in photonic crystal sensors and our group’s photoactive polymers. Azobenzene-
functionalized polymers have been demonstrated to undergo a light-induced change in surface
energy, and this research applied that effect to inverse opal photonic crystals. The result was a
photonic crystal that could be used for liquid identification, based on the disappearance of
structural colour upon wetting. The change in wettability could be tightly controlled by the amount
of light exposure, which could distinguish between liquid mixtures in as small as 2.5% increments.
The resulting structures may have applications in microfluidics as remote, light-activated liquid

gates, or as sensitive anti-tampering and encryption devices.
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Chapter 4: Photo-Tuning of Highly Selective Wetting in Inverse
Opals

4.1 Abstract

Crack-free inverse opals exhibit a sharply defined threshold wettability for infiltration that
has enabled their use as colourimetric indicators for liquid identification. Here we demonstrate
direct and continuous photo-tuning of this wetting threshold in inverse opals whose surfaces are

functionalized with a polymer doped with azobenzene chromophores.
4.2 Introduction

Adaptive materials, those whose microscopic or macroscopic properties can adapt to
environmental stimuli, are integral components of many classes of emerging technologies,
including sensors and indicators,!? drug-delivery systems,® submillimetre-scale motors,* self-
healing materials,’ building materials,® and clothing’ that adjust their characteristics to ambient
conditions (e.g. weather). Materials with stimuli-responsive surface energy and/or fluidic
properties have potential for widespread use in micro- and nano-scale devices.>’ At these scales,
well below the capillary length of most liquids, surface forces are large compared to many other
interactions (e.g. gravity) and surface effects contribute centrally to device performance.!®
Therefore, the ability to dynamically control surface interactions is integral to many micro- and
nano-scale device functions in settings ranging from microfluidics to microscale robots and
motors.'!"!2 Driven by this motivation, numerous classes of materials have been developed whose

surface energy is responsive to a variety of different physical and chemical stimuli.'!

Using light as a stimulus is particularly useful in a number of settings. For devices that
interface with biological materials, light places fewer limitations on the target system compared to
most other chemical and physical stimuli (e.g. pH, electric fields) because it is minimally invasive
and universally abundant.!*> The abundance of light is also advantageous for other applications
such as microscale locomotion.'* Numerous materials are currently known to exhibit photo-
induced changes in surface energy, including titania'' and surfaces coated with a variety of photo-

active organic molecules or polymers, such as those belonging to the azobenzene!>™'7 or
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spiropyran'® families. While there has been tremendous progress in the development of photo-
responsive surfaces, device architectures that effectively translate photo-induced changes in
surface energy into macroscopic, visible functions are less developed. A significant challenge
faced in this aspect of design is that photo-induced changes in surface energy are generally small,
with intrinsic contact angles for water typically changing by less than 30°.!7-!° Application of these
materials can be greatly expanded by identifying architectures whereby significant changes in

function result from very small changes in surface energy.

Crack-free inverse-opal films (IOFs)?® have recently emerged as an example of such an
architecture, where fluid infiltration is remarkably sensitive to surface energy.?'>* Owing to the
highly symmetric pore structure, the transition from complete non-wetting to complete wetting
occurs over a decrease in intrinsic contact angle of only ~3°.2° Infiltration of the pores is also
associated with a dramatic change in the films’ colour, due to refractive index matching between
the liquid and the silica IOF matrix. This highly selective wetting, coupled with macroscopic
colour changes, has been previously exploited for the production of colourimetric indicators for
liquids.?>** In this paper, we develop photo-responsive IOFs, in which large visible changes in
wetting behaviour and colour are triggered by small optically induced changes in their surface
energy. By functionalizing the air-solid interface with a co-polymer of a hydrophilic electrolyte
monomer (acrylic acid) and a hydrophobic chromophore (Disperse Red 1 acrylate), we created
IOFs whose wetting threshold could be continuously tuned via ultraviolet (UV) or visible light
exposure, all while maintaining a high wetting selectivity comparable with literature.??
Photodegradation of the azobenzene chromophores was responsible for the observed irreversible
wetting changes. Thus, these films are capable of sensitively and indelibly recording light

exposure history, which can be read out directly through the films’ colour upon immersion in

simple liquids.
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4.3 Results and Discussion
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Figure 4.1 A) Schematic depicting the surface functionalization for the inverse-opal film (IOF)
pores (scanning electron micrograph is shown at the bottom). The pores were first functionalized
with (3-aminopropyl)trimethoxysilane (APTMS) to give them a positive charge in aqueous

environments. A layer of the negatively charged polyelectrolyte poly(Disperse Red 1 acrylate-co-
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acrylic acid) was then adsorbed to the pore surfaces. B) Normal-incidence reflectance spectra for
an IOF region with a thickness of 9 close-packed layers before (green) and after (red)
functionalization with p(DR1A-co-AA), showing suppression of the reflectance by the
chromophore in the blue-green region. The inset shows the visual appearance of these films with

and without the p(DR1A-co-AA) surface coating.

The pore surfaces of IOFs were functionalized with photoactive surface groups using a
layer-by-layer polyelectrolyte deposition.?* IOFs were first functionalized with (3-
aminopropyl)trimethoxysilane to give them a positive charge in aqueous media. We then
deposited a layer of the negatively charged photoactive polyelectrolyte, poly(Disperse Red 1
acrylate-co-acrylic acid) (p(DR1A-co-AA); 20 mol% Disperse Red 1 acrylate, shown in Figure
4.1 A: synthesis described in Reference 25). The functionalized IOF displays an enhanced red
colour due to light absorption by the chromophore in the blue-green region of the visible spectrum
(Figure 4.1 B). The functionalization preserved the highly selective wetting threshold,
characteristic of our IOFs. When immersed in mixtures of water and ethanol with increasing
ethanol concentration, IOFs functionalized with p(DR1A-co-AA) transitioned from non-wetting
to wetting behaviour across a concentration change as small as 2.5% (v/v), as shown in the left
column of Figure 4.2 A (before light exposure). Some variability in the location of this threshold
was observed from one sample to the next, with the onset of wetting occurring between 10% and
20% ethanol (by vol.), likely owing to small batch-to-batch variations in the pore geometry?® and

the degree of polyelectrolyte coverage.
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Figure 4.2 A) Wetting response of a p(DR1A-co-AA)-functionalized IOF as a function of UV
light exposure. For each liquid, surface tensions from Reference 26 are indicated. B) Advancing
and receding contact angles (°) of p(DR1A-co-AA)-functionalized flat glass slides as a function
of UV exposure.

102



IOFs functionalized with p(DR1A-co-AA) displayed increased hydrophilicity after
exposure to UV light (Dymax® Bluewave 200, 280—450 nm). As shown in Figure 4.2 A, the
wetting threshold tuned continuously toward lower ethanol concentrations with increasing UV
exposure, while the selectivity of wetting was preserved. Changes in wetting behaviour also
occurred uniformly across the exposed regions. After sufficient exposure, all samples underwent
wetting by water (see Figure 4.2 A, far right column). We characterized the magnitude of the
photo-induced changes in surface energy by recording the contact angles displayed by water on
flat glass slides that were functionalized and exposed to UV in the same manner as p(DR1A-co-
AA)-functionalized IOFs. Figure 4.2 B shows the evolution of the advancing and receding contact
angles as a function of the UV exposure dose. Advancing contact angles decreased steadily with
exposure before stabilizing at ~20 J/cm?, exhibiting a total decrease of 28 + 10°. As also noted in
previous studies of wetting in IOFs?!"?3 their highly re-entrant geometry causes the onset of
imbibition in these structures to occur at intrinsic contact angles well below 90°. It is also worth
noting that p(DR1A-co-AA)-functionalized surfaces displayed considerable contact angle
hysteresis (20-30°) at all doses.

In contrast to other reports of photo-actuated surface energy in azobenzene-containing
materials, wetting changes in these IOFs were irreversible. We found that the changes in IOF
wetting behaviour correlated with photobleaching (photodegradation) of the DR1A chromophore,
rather than the reversible cis-tfrans isomerization or chromophore alignment effects previously
reported.?” Figure 4.3 A shows a p(DR1A-co-AA)-functionalized IOF in air (top) and submerged
in water (bottom) after a large UV exposure dose (>100 J-cm2) was applied to the left portion of
the film, qualitatively illustrating the correlation between photobleaching and wetting. The region
where water infiltration is occurring (marked by disappearance of colour in the lower image)

matches the region where photobleaching has occurred (marked by the change in colour).
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Figure 4.3 A) Images of a p(DR1A-co-AA)-functionalized IOF in air (top) and in water (bottom)
where photobleaching via UV exposure has been applied selectively to the left portion.
Comparison of the two images shows that wetting occurs in regions where the chromophore has
been photobleached (evidenced by colour contrast in the air image). B,C) Evolution of the normal
incidence reflectance spectra of an IOF region (9 layers thick) in air (B) and submerged in water
(C) as a function of UV exposure dose, showing the correlation between photobleaching and the

onset of wetting.

Although the exact mechanism of degradation is poorly understood, it likely involves the
scission of the N=N bond, destroying the conjugated electronic structure of the molecule and the
strong colouration.”’?° The correlation between colour changes and changes in wetting behaviour
are quantified in Figure 4.3 B, C for a fixed location in the top left-hand corner of the sample
shown in Figure 4.2 A (IOF thickness of 9 close-packed layers). Figure 4.3 B shows the evolution

of the normal-incidence reflection spectrum in air as a function of UV exposure dose and Figure
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4.3 C shows the spectrum of the same region when the film is submerged in water. Before
exposure, reflection is suppressed in the blue-green region by the chromophore absorption (see
Figure 4.1 B). This suppression is most evident for the reflection maximum near 510 nm (to the
left of the main reflection peak), whose peak height is reduced to 60% of its original value after
functionalization (Figure 4.1 B). The recovery of this peak with UV exposure can be used as a
measure of the degree of photobleaching. Comparing the range of exposure over which this peak
recovers in Figure 4.3 B with the range over which wetting changes are observed in Figure 4.2 A,
it is apparent that wetting changes strongly correlate with the degree of photobleaching. At the
onset of partial wetting of water in Figure 4.3 C (cyan curve, 31.2 J-cm2), the peak at 510 nm
(Figure 4.3 B) has recovered to 98% of its value before p(DR1A-co-AA) functionalization. By
the time complete wetting of water is observed in Figure 4.3 C (black curve, 78 J-cm ), this peak

has completely recovered.

A similar effect to bulk UV irradiation was also achieved using visible light, however
significantly higher illumination doses were required (see Section 4.6, Supporting Information).
Although the azobenzene chromophore is generally quite durable with respect to photo-induced
damage under normal circumstances,*® prolonged exposure to high power densities can have the
same photobleaching effect as UV light. Despite higher powers required, using visible light
instead of UV light to tune the IOF wetting state may prove useful in applications where UV light
would be harmful to other components of a device (e.g. dynamically tuneable microfluidics).
Furthermore, visible-light-induced wettability changes enabled us to induce fluid infiltration in

situ by irradiating samples while submerged in water (see Section 4.7, Figure 4.7).

This technique provides a convenient approach to directly tune the wetting threshold of
specific IOF regions to a particular liquid. Thus, a fabrication method using a single
functionalization tuned by patterned UV exposure dosages is enabled for colourimetric indicators
that mutually distinguish between a large number of liquids.?>?* Alternatively, as opposed to
identifying unknown liquids using wetting patterns in regions with known light exposures, wetting
a film with known liquids could be used to colourimetrically identify the amount of prior light
exposure in a way that requires no instrumentation. In this mode of operation, such a film could
be deposited (e.g. on a sticker) onto an outdoor surface or appliance and used as a low-cost monitor
of its age (if stored outside). The same principle of operation could be used to design anti-tamper

films that indicate if a sealed package has been opened. It is worth noting that the photostability
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of the azo-chromophore results in a dynamic range of UV-dose sensitivity that is relatively high
(corresponding to ~20 minutes—2 hours of direct sunlight exposure).>! While this may be ideal for
longer term exposure monitoring (e.g. age reporting), practical tamper-indicating devices would

likely require increased light sensitivity by at least one or two orders of magnitude.
4.4 Conclusions

We have shown that the sharply defined wetting threshold in crack-free inverse opal films
functionalized with p(DR1A-co-AA) can be directly and continuously tuned with light exposure.
Exposure of films to UV or visible light increased hydrophilicity, allowing liquids of increasing
surface tension to penetrate the pores. These wettability changes, caused by photobleaching of the
chromophore, were irreversible, indelibly recording light exposure history in a way that is both
highly sensitive and easy to identify. These qualities make this type of material potentially useful

as a tamper-indicating seal or a low cost monitor of material aging.
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4.6 Supplementary Information

4.6.1 Fabrication of Defect-Free Inverse Opals

Large-area crack-free inverse opal films (IOFs) were fabricated as described in References
20 and 32. Briefly, monodisperse aqueous suspensions of polymethylmethacrylate (PMMA)
microspheres (d~300 nm, ~3% standard deviation) were synthesized by surfactant-free emulsion
polymerization.?*3>3 Suspensions were cleaned using dialysis. Glass slides or Si strips, cleaned
in acid piranha solution (3:1 concentrated sulfuric acid/30% hydrogen peroxide), were suspended
in 20 mL vials containing 20 mL of deionized water, 0.1-0.5 mL of the colloidal suspension and
0.095-1.5 mL of a pre-hydrolyzed solution of tetraethyl orthosilicate (TEOS, Sigma-Aldrich)

prepared as described in Reference 20. The solution was left to evaporate in an oven held at 65
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°C for 1-2 days, depositing a close-packed film of the PMMA spheres with SiO; from condensed
TEOS filling the interstitial sites. After deposition, films were fired at 500 °C for 5 h to remove

the polymer template and the resulting IOFs were cleaned in acid-piranha solution-for 4 h.

4.6.2 Functionalization of Inverse Opals with Chromophore-Containing Polyelectrolyte

Layers

Cleaned I0Fs were immersed in a 2% w/v solution of (3-aminopropyl)trimethoxysilane
(APTMS) in acetone for 30 minutes, followed by flushing with an excess of DI water before
drying. The functionalized IOFs were then rinsed with DI water, followed by curing/drying in a
110 °C oven for 30 minutes. This protocol imparts a positive charge throughout the IOF when
immersed in water, via protonation of the amine. The IOF was then immersed in a saturated (~10
2 M) solution of poly(Disperse Red 1 acrylate-co-acrylic acid) (p(DR1A-co-AA); 20 mol%
Disperse Red 1 acrylate, determined by '"H NMR, see Figure 4.4)!7 dissolved in a 1:1 mixture of
dimethylformamide (DMF) and water. This solvent blend serves the dual purpose of ensuring
adequate polymer solubility, as well as completely wetting the IOF and allowing uniform polymer
deposition. The IOF was immersed in the polymer solution for at least 8 hours to allow complete
coating of the complex inverse-opal geometry, followed by two iterations of immersion for 1 hour

in fresh DMF/water (1:1) mixtures to allow diffusion of unbound polymer from the structure.
4.6.3 Light Irradiation, Optical and Wetting Characterization

After functionalization, before and between uses, samples were stored at room temperature
and away from ambient light in sealed drawers. Wetting response was characterized visually
initially and after light exposure by imaging with a digital camera (Canon Rebel EOS) in air and
immersed in water-ethanol mixtures ranging in 2.5% increments of ethanol concentration from 0%
ethanol to 25% ethanol (v/v). Samples were introduced to the liquids in the same order (starting
with pure water and increasing ethanol concentration) and were dried under an air gun between
successive immersions. All images were taken at a similar angle under ambient lighting

conditions.

UV irradiation was performed by placing the sample directly at the end of a gooseneck
fibre (1 cm diameter) connected to a UV lamp (Dymax®, 280—450 nm). A shutter attached to a

timer was used to control exposure time. Lamp power was measured by placing a handheld power
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meter (Newport Co.) at the location of the sample. Visible irradiation was performed by placing
the sample in front of the collimated output of a frequency-doubled Nd: Y AG laser (Coherent, 532
nm, 73 mW). Microscope images and reflection spectra were recorded on a stereomicroscope

(Leica) coupled to a fibre-based USB spectrometer (Ocean Optics).
4.6.4 Characterization of Flat Surfaces

Flat glass microscope slides (Fisher) were cleaned and functionalized with APTMS and
then p(DR1A-co-AA) in the same manner as the IOFs. Water contact angles (advancing and
receding) were measured on a goniometer (KSV) initially and following each flood exposure under
the UV lamp. After each set of contact angle measurements and before the next UV exposure,

samples were flushed with water to homogenize any possible water uptake in the film.
4.7 Supplementary Figures
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Figure 44 'H NMR spectrum of poly(Disperse Red 1 acrylate-co-acrylic acid) in DMSO-ds.
Broad features from 1.5-2.2 ppm correspond to the acrylate backbone; peaks at 1.14 and 3.5-4.2
ppm represent the alkyl groups bound to the amine in the DR1 chromophore. The aromatic
features fall in the region of 6.9-8.4 ppm, and the broad feature at 12.3 ppm corresponds to the
acrylic acid protons. Sharp features correspond to solvent impurities trapped in the polymer

matrix: 1.02 and 1.04 (diisopropyl ether), 2.50 (residual DMSO), 2.73, 2.89, 7.95 (N,N-
dimethylformamide), and 3.33 (water).
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Figure 4.5 A) Photographs of a P(DR1A-co-AA)-functionalized IOF after exposure of two regions
for 20 min and 30 min to a collimated laser spot (532 nm, 73 mW, ~1 mm in diameter), showing
colour change due to photobleaching in air and increased wettability in water-ethanol mixtures.
B,C) Reflectance spectra in water and various ethanol-water mixtures (ethanol concentration, v/v,
listed in the legend) of two regions of the IOF, one taken in an unexposed region (B) and the other
taken at the centre of the spot having had 30 min of laser exposure (C). Both regions have the

same thickness (12 layers).
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Figure 4.6 Reflectance spectra of a p(DR1A-co-AA)-functionalized IOF (7 layers) in water and
various ethanol-water mixtures (ethanol concentration, v/v, indicated in legend) in an unexposed
spot (A) and at the centre of the laser spot (73 mW, ~1 mm in diameter, collimated) after irradiation
for 120 min (B). These spectra show that after sufficient exposure, wetting in water can be

achieved, just as was observed for UV-induced photobleaching.
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Figure 4.7 In situ photo-induced wetting through exposure of a p(DR1A-co-AA)-functionalized
IOF to visible light while submerged in water. The IOF, submerged in water, was placed under
illumination from a 75 W Xenon lamp (LEP Ltd.) under a microscope objective (1000x

magnification) and the reflection spectrum was continuously monitored to track changes in wetting
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behaviour. A) Temporal evolution of the reflection spectrum showing the onset of wetting (~4000

s). B,C) Images of the IOF taken afterwards while still in water (B) and then after drying (C),

showing the spatial correlation between the photobleached region (indicated by the bright spot in

C) and the wetted region (dark spot in B).
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Rationale for: Boronic Acid Azobenzene Derivatives for
Colourimetric Dopamine Detection

The detection of various biological analytes is critical to life and the ability to artificially
mimic this detection in vivo is an important area of research. Current methods for detection of
neural activity in vivo are typically electrical in nature, requiring hard, conductive electrodes that
are difficult to make biocompatible for use as long-term probes. We propose building an all-
optical probe capable of remaining embedded in vivo for long periods of time, shrouded in a
biocompatible coating doped with photoresponsive dyes which change their optical properties
when exposed to biologically-relevant analytes. This chapter outlines our efforts to synthesize and
assess the sensitivity of several candidate dyes, which respond to the neurotransmitter dopamine

by altering their visible absorbance.

Increasing [dopamine] ———

— — | —
CEr N k o N g i M B Bl BN ame

*Strong colour change visible in original thesis submission file format. May not fully reproduce clearly in PDF

versions or print.
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Chapter 5: Azobenzene Boronic Acids for Colourimetric Dopamine

Detection

5.1 Abstract

We present the synthesis and characterization of several boronic acid-functionalized
azobenzene derivatives, and demonstrate their utility as colourimetric reporters for the
neurotransmitter dopamine. The ability of boronic acids to bind specifically to the vicinal diol-
moiety has been demonstrated extensively in the literature as a popular protecting group in organic
synthesis. When attached to a chromophore or fluorophore, this binding can turn the photoactive
base into a visible reporter for vicinal diols, such as those found on monosaccharides. The degree
of change in absorbance spectrum, as well as the concentration range required to induce the change
were investigated. From this data, the best candidates for incorporation into a neural probe were

identified.
5.2 Introduction

Dopamine is one of a small number of core neurotransmitters used to mediate the travel of
information in the brain. In addition to its role as an important neurotransmitter, the anomalous
depletion of dopamine in neural tissue is closely associated with the onset of Parkinson’s disease,

and facile, early detection could help mitigate the effects of this crippling disorder.

A OH B OH c OH
OH OH OH
HO,, HO,,
H,N H,N HN
CHs

Figure 5.1 The three main aminocatecholate neurotransmitters: A) dopamine mediates signals
within the brain, while B) norepinephrine and C) epinephrine are primarily used to convey signals

from the sympathetic nervous system to various organs.
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Current methods for localized detection of brain activity depend on the implantation of
hard, conductive probes into the brain itself. While a great deal of progress has been made in
improving the longevity of the probes, the fundamental problem of gliosis (scar formation) around
the probe remains, limiting the useful life of the probe.!> Research by our group and others has
identified a wide variety of surface coatings which soften this interface, encouraging neural cell
growth,>* however, these coatings are typically not suitable for application to electrodes due to
their electrically insulating nature. Optical probes do not suffer from the same limitations, and as
such the work presented here seeks to develop a material with a colourimetric response to neural
impulses which could ultimately form the working chromophore of an all-optical neural interface.
Additionally, because the active chromophores in this work are all azobenzene derivatives with
absorbance in the visible range, no biologically harmful UV light is required, as in many

fluorophore-based systems.

Boronic acids have long been known for their ability to react with vicinal diols to form
cyclic boronate esters,>® which are widely used in the field of self-assembly,’” as well as many
popular cross-coupling reactions in modern organic synthesis.®* More recently, boronic acid-
appended fluorophores and chromophores have been demonstrated as effective reporters for
saccharides and other biomolecules.'®!" 'While much of the research has focussed on alkyl diols
(especially saccharides),'>!? the stronger interaction between arylboronic acids and catecholates
(1,2-dihydroxybenzene) suggests their potential as reporters for dopamine may be even greater.
With this in mind, a set of nine boronic acid-functionalized azobenzene derivatives was prepared
(see Figure 5.2 below), and their spectral response to different concentrations of dopamine,

glucose, and fructose was assessed.

UN\Q “N\Q L

SO,N
sha sogNa

Figure 5.2 The 9 boronic acid-functionalized azobenzene derivatives described in this study. For
Compounds 1 — 6, R = H, p-CH3, m-CH3, p-NO2, p-SO3Na, and p-NHCOCH3, respectively. For
Compounds 7 — 8, R = NH> and N(CH3)», respectively.
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Due to the nature of neural impulses, quantification of neurotransmitter concentration in
vivo is not necessary: neural signals are quantized, so measuring neural activity is a matter of
detecting spikes in NT concentration, not the absolute concentration. This greatly reduces the
problem of NT detection to development of indicators specific to NTs, instead of sensors which

have a specific concentration response.
5.3 Experimental Section

5.3.1 General Aspects

All commercial materials (solvents and reagents) were used as received unless otherwise
noted. 'H, HSQC, and HMBC NMR spectra were acquired with either a Bruker 500 or 400 MHz
spectrometer; ’C spectra were acquired with either a Varian 75 MHz or a Bruker 125 MHz
spectrometer. Chemical shifts are reported in ppm on the d-scale, referenced to the solvent residual
signal. High-resolution mass spectrometry was performed using a Bruker Maxis Impact

quadrupole-time of flight mass spectrometer with a source voltage of 4.5 kV.
5.3.2 Purification Techniques

Normal phase chromatographic separations were performed using an Isco Combiflash Rf
200 system, with pre-packed silica gel columns furnished by Silicycle. Reverse-phase HPLC
separations were performed using an Agilent 1260 Infinity system running OpenLab CDS
ChemStation Edition control software, equipped with a YMC AQ12S05 C18, 250x10 mm semi-
preparative column with 5 um beads, and 120 A pore size. The mobile phase was 18.2 MQ-cm

water and HPLC-grade ACN (Fisher).
533 Synthesis of Azo-Boronic Acids

All candidate azo-boronic acids were synthesized via the well-known diazonium coupling
reaction.'* Briefly, aromatic amines were dissolved in acidic solution and cooled to 0 °C. A pre-
cooled solution of sodium nitrite was then added, and the solution was stirred on ice to facilitate
the formation of the diazonium salt. A pre-cooled solution of the boronic acid-functionalized
aniline was then added dropwise, and the resulting mixture was neutralized. The solution was
stirred on ice before being allowed to come to room temperature. The azo was then typically

collected as a precipitate, and purified by HPLC where necessary.
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Synthesis of (E)-(5-amino-2-(phenyldiazenyl)phenyl)boronic acid (Compound 1)

NH,
N
o .
Ho 2 oH

A solution of 0.18 mL of aniline (2.0 mmol, Fisher) dissolved in 3 mL of water, 2 mL of
acetone, and 0.52 mL concentrated HC1 was cooled, with stirring, in a 25 mL round bottom flask
on an ice bath. The solution was stirred until the temperature was <5 °C, then a pre-cooled solution
of 0.14 g sodium nitrite (2.0 mmol, Sigma Aldrich) dissolved in 1 mL water was added dropwise.
The solution was stirred for 15 minutes to facilitate the formation of the diazonium salt, then a pre-
cooled solution of 0.27 g 3-aminophenylboronic acid (2.0 mmol, Boron Molecular) dissolved in 2
mL of water and 2 mL of MeOH was added dropwise. The solution was neutralized with 1.1 mL
of 2 M sodium hydroxide, and allowed to stir at 0 °C for 2 hours. The solution was filtered,
yielding a dark red solid. The crude product was dissolved in EtOAc, washed once with water and
once with brine, then dried with sodium sulfate (Fisher). The solvent was then removed under

reduced pressure.

The crude solid was dissolved in HPLC-grade MeOH (5 mg-mL"!, Fisher) and purified by
HPLC using a gradient of 5:95 ACN/water increasing to 60:40 over 32 minutes. The product was
collected between 27.40 and 28.55 minutes elution time. The solid product was isolated as a bright

red solid by removing the solvent under reduced pressure.

'H NMR (500 MHz, methanol-d4) & ppm 6.66 (dd, 1 H), 6.76 (d, 1 H), 7.41 (m, 1 H), 7.49 (dd, 2
H), 7.76 (d, 1 H), 8.04 — 8.10 (m, 2 H).

13C NMR (125 MHz, methanol-ds, HSQC/HMBC) 5 ppm 114.4, 117.3, 121.5, 129.9, 130.2, 133.0,
146.2, 149.3, 158.3.

HR-MS (ESI, 4.5 kV): m/z Calculated for C1,Hi12BN3NaO> [M + Na]": 264.0915; found: 264.0908.
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Synthesis of (E)-(5-amino-2-(p-tolyldiazenyl)phenyl)boronic acid (Compound 2)

Adapted from the procedure described in Reference 12: 10 mL 1 M HCI and 0.27 g p-
toluidine (2.0 mmol, Sigma Aldrich) were added to a 25 mL round-bottom flask containing a
magnetic stir bar. The solution was cooled on an ice bath to <5 °C, and a pre-cooled solution of
0.18 g sodium nitrite (2.0 mmol, Sigma Aldrich) in 5 mL water was added dropwise. The solution
was stirred on ice for 15 minutes, after which a pre-cooled solution of 047 g 3-
aminobenzeneboronic acid hemisulfate (2.0 mmol, Sigma Aldrich) in 1 mL sodium hydroxide was
added dropwise. The solution was neutralized with cold 1 M sodium hydroxide solution, and
allowed to stir at 0 °C for 2 hours. The dark red precipitate was filtered and washed with water,

then extracted 3 times with EtOAc and rinsed with brine, yielding a red-black solid.

The crude solid was dissolved in HPLC-grade MeOH (5 mg-mL"!, Fisher) using a gradient
of 5:95 ACN/water increasing to 75:25 over 32 minutes. The product was collected between 27.2
and 28.8 minutes elution time, and isolated as a bright orange solid by removing the solvent under

reduced pressure.

'"H NMR (500 MHz, methanol-ds) § ppm 2.41 (s, 3 H), 6.65 (dd, 1 H), 6.74 (d, 1 H), 7.31 (m, 2
H), 7.73 (d, 1 H), 7.97 (m, 2 H).

13C NMR (125 MHz, methanol-ds; HSQC/HMBC) & ppm 21.0, 114.2, 117.1, 121.4, 130.6, 132.3,
141.0, 143.6, 145.1, 149.0, 157.5.

HR-MS (ESI, 4.5 kV): m/z Calculated for CisH;sBN3sNaO> [M + 2CH30H — 2H>O + Na]™:
306.1384; found: 306.1393.
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Synthesis of (E)-(5-amino-2-(m-tolyldiazenyl)phenyl)boronic acid (Compound 3)

10 mL 1 M HCl and 0.276 mL m-toluidine (2.0 mmol, Sigma Aldrich) were added to a 25
mL round-bottom flask containing a magnetic stir bar. The solution was cooled on an ice bath to
<5 °C, and a pre-cooled solution of 0.18 g sodium nitrite (2.0 mmol, Sigma Aldrich) in 5 mL water
was added dropwise. The solution was stirred on ice for 15 minutes, after which a pre-cooled
solution of 0.47 g 3-aminobenzeneboronic acid hemisulfate (2.0 mmol, Sigma Aldrich) in 1 mL
sodium hydroxide was added dropwise. The solution was neutralized with cold 1 M sodium
hydroxide solution, and allowed to stir at 0 °C for 2 hours. The dark red precipitate was filtered
and washed with water, then extracted 3% with EtOAc and rinsed with brine, yielding a dark red

solid.

The crude solid was dissolved in HPLC-grade MeOH (5 mg-mL"!, Fisher) using a gradient
of 5:95 ACN/water increasing to 75:25 over 32 minutes. The product was collected between 27.2
and 28.4 minutes elution time, and isolated as a red solid by removing the solvent under reduced

pressure.

'"H NMR (500 MHz, methanol-ds) § ppm 2.42 (s, 3 H), 6.66 (dd, 1 H), 6.75 (d, 1 H), 7.24 (d, 1 H),
7.37(t, 1 H), 7.75 (d, 1 H), 7.87 (d, 1 H), 7.91 (s, 1 H).

13C NMR (125 MHz, methanol-ds; HSQC/HMBC) 21.2, 114.3, 117.2, 118.7, 121.7, 130.0, 130.9,
132.8, 140.8.

HR-MS (ESI, 4.5 kV): m/z Calculated for CisH;sBN3sNaO> [M + 2CH30H — 2H>O + Na]™:
306.1384; found: 306.1386.
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Synthesis of (E)-(5-amino-2-((4-nitrophenyl)diazenyl)phenyl)boronic acid (Compound 4)

0.55 g 4-nitroaniline (4.0 mmol, Sigma Aldrich) was dissolved in 5 mL water, 8 mL
acetone, and 1.04 mL concentrated HCI in a 50 mL round bottom flask equipped with a magnetic
stir bar. The flask was cooled in a bath of ice water, and a pre-cooled solution of 0.28 g sodium
nitrite (4.0 mmol, Sigma Aldrich) dissolved in 2 mL water was added dropwise. The solution was
stirred for 20 minutes on ice, then a pre-cooled solution of 0.74 g 3-aminophenylboronic acid
hemisulfate (4.0 mmol, Sigma Aldrich) dissolved in 3 mL 20 wt % sodium hydroxide and 5 mL
water was slowly added. The pH was measured to be pH ~ 7 after the addition. After 2 hours of
stirring at 0 °C, the solution was allowed to warm to room temperature, and the solid product was
recovered by vacuum filtration. The product was rinsed with water on the Bilichner funnel, then

allowed to dry in air. The crude product was isolated as a brown solid in an 84.2% yield.

The crude solid was dissolved in HPLC-grade MeOH (5 mg-mL"!, Fisher) and purified by
HPLC using a gradient of 15:85 ACN/water increasing to 40:60 over 37 minutes. The product
was collected between 35.6 and 37.4 minutes elution time. The solvent was removed under

reduced pressure, yielding a purple-red solid.

'H NMR (500 MHz, methanol-ds) & ppm 6.73 (dd, 1 H), 6.82 (d, 1 H), 7.83 (d, 1 H), 8.09 — 8.18
(m, 2 H), 8.29 — 8.35 (m, 2 H).

3C NMR (125 MHz, methanol-ds, HSQC/HMBC) & ppm 116.0, 118.3, 120.7, 125.6, 135.7, 146.9,
149.9, 150.0, 160.8.

HR-MS (ESI, 4.5 kV): m/z Calculated for C12H11BN4sNaO4 [M + Na]": 309.0766; found: 309.0768.
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Synthesis of sodium (E)-4-((4-amino-2-boronophenyl)diazenyl)benzenesulfonate

NH,
N L;
Qe
NaO,S

To a 50 mL round bottom flask was added 25 mL water 2 mL acetone, and 0.52 mL

(Compound 5)

concentrated HCl. 0.43 g sodium 4-aminobenzenesulfonate hydrate (2.0 mmol, Sigma Aldrich)
was dissolved in the flask, and the solution was cooled to 0 °C on an ice bath with stirring. A pre-
cooled solution of 0.14 g sodium nitrite (2.0 mmol, Sigma Aldrich) dissolved in 2 mL of water
was added dropwise, and the resulting solution was stirred at 0 °C for 15 minutes to facilitate
formation of the diazonium salt. A pre-cooled solution of 0.27 g 3-aminophenylboronic acid (2.0
mmol, Boron Molecular) dissolved in 5 mL of water and 5 mL of MeOH was added dropwise: the
resulting solution was then neutralized with 2.5 M sodium hydroxide. The solution was stirred on
ice for 2 hours, then allowed to come to room temperature. The solution was washed twice with
EtOAc, then the solvent of the aqueous fraction was removed under reduced pressure to yield a

dark red solid in 130% yield (contaminated with water).

The crude solid was dissolved in water (5 mg-mL') and purified by HPLC using a gradient
of 2:98 ACN/water increasing to 20:80 over 32 minutes. The product was collected between 13.0
and 13.9 minutes elution time. The solvent was removed under reduced pressure, yielding a dark

red solid.

'H NMR (500 MHz, methanol-ds) 8 ppm 6.68 (dd, 1 H), 6.76 (d, 1 H), 7.79 (d, 1 H), 7.90 — 7.94
(m, 2 H), 8.06 — 8.11 (m, 2 H).

13C NMR (125 MHz, methanol-ds, HSQC/HMBC) & ppm 114.8, 117.5, 121.0, 127.9, 134.0, 146.0,
147.0, 149.4, 158.8.

HR-MS (ESI, 4.5 kV): m/z Calculated for Ci12H;1BN3NaxOsS [M + Na]™: 366.0302; found:
366.0305.
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Synthesis of (E)-(2-((4-acetamidophenyl)diazenyl)-5-aminophenyl)boronic acid
(Compound 6)

NH,
N+ /[ j
O “N
)J\ /B\
H,C N HO™~“OH

To a 25 mL round bottom flask equipped with a magnetic stir bar was added 4 mL acetone,
1 mL water, 0.52 mL concentrated HCI, and 0.30 g 4-acetamidoaniline (2.0 mmol). The solution
was cooled to 0 °C, then a pre-cooled solution of 1 mL 2 M aqueous sodium nitrite (2.0 mmol,
Sigma Aldrich) was added dropwise. The solution was allowed to stir for 15 minutes on ice to
facilitate the formation of the diazonium salt, then a pre-cooled solution of 0.27 g 3-
aminophenylboronic acid (2.0 mmol, Boron Molecular) dissolved in 2 mL of water and 2 mL of
acetone was added dropwise. The solution was neutralized with cold 2 M sodium hydroxide, then
allowed to stir two hours on ice before warming to room temperature. The aqueous solution was
extracted with three portions of EtOAc, and the combined organic fractions were combined and
washed with brine and dried with sodium sulfate. The EtOAc was then removed under reduced

pressure giving 0.24 g of crude dark red solid in a 39.8% yield.

The crude solid was dissolved in HPLC-grade ACN (5 mg-mL™") and purified by HPLC
using a gradient of 5:95 ACN/water increasing to 55:45 over 32 minutes. The product was
collected between 23.7 and 24.9 minutes elution time. The product was isolated as a red solid by

removing the solvent under reduced pressure.

"H NMR (400 MHz, methanol-ds) & ppm 2.16 (s, 3 H), 4.58 (s, 1 H), 6.65 (dd, 1 H), 6.74 (d, 1 H),
7.71 (d, 1 H), 7.71 (d, 2 H), 8.04 (d, 2 H).

3C NMR (100 MHz, methanol-ds, from HSQC/HMBC) & ppm 23.5, 114.3, 117.2, 121.0, 122.2,
132.1, 141.5, 142.1, 149.3, 157.7, 171.6.

HR-MS (ESI, 4.5 kV): m/z Calculated for Ci¢H19BN4sNaOs [M + 2CH30H — 2H>O + Na]™:
349.1442; found: 349.1442.
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Synthesis of sodium (E)-3-((4-amino-2-boronophenyl)diazenyl)naphthalene-1,5-disulfonate
(Compound 7)

SO3Na

Adapted from Reference 12. 0.87 g sodium 3-amino-1,5-naphthalenedisulfonate (2.5
mmol, Sigma Aldrich) was dissolved in 20 mL 1 M HCl in a 100 mL round bottom flask. The
solution was cooled to 0 °C, and then a pre-cooled solution of 0.18 g sodium nitrite (2.6 mmol,
Sigma Aldrich) dissolved in 10 mL of water was added dropwise. The solution was allowed to
stir for 15 minutes at 0 °C, then a solution of pre-cooled 0.34 g 3-aminophenylboronic acid (2.5
mmol, Boron Molecular) dissolved in 10 mL 1 M sodium hydroxide was added dropwise. The
mixture was neutralized with 1 M sodium hydroxide, and stirred for 2 hours at 0 °C followed by 2
hours at room temperature. The reaction mixture was filtered, yielding a yellow powder in 15.1%

yield. The product was pure by 'H NMR, and used without further purification.

'H NMR (500 MHz, methanol-ds) & ppm 7.27 (br. s., 1 H), 7.36 (dd, 1 H), 7.73 (dd, 1 H), 8.16 (d,
1 H), 8.32 (dd, 1 H), 8.76 (d, 1 H), 9.07 (d, 1 H), 9.78 (d, 1 H).

3C NMR (125 MHz, methanol-ds) § ppm 117.2, 122.8, 124.8, 127.5, 127.9, 129.3, 131.0, 131.7,
139.9, 143.4, 144.5, 154.2.

HR-MS (ESI, 4.5 kV): m/z Calculated for C1sHisBN3Na3OsS, [M + 2CH30H — 2H,0 + Na]™:
546.0159; found: 546.0163.
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Synthesis of sodium (E)-3-((2-borono-4-(dimethylamino)phenyl)diazenyl) naphthalene-1,5-
disulfonate (Compound 8)

¢Ha
N\
SO3Na CH3
Ne
T
/B\
HO OH

SO3Na

Adapted from the synthesis of Compound 7 above. 0.87 g sodium 3-amino-1,5-
naphthalenedisulfonate (2.5 mmol, Sigma Aldrich) was dissolved in 20 mL 1 M HCl in a 100 mL
round bottom flask. The solution was cooled to 0 °C, and then a pre-cooled solution of 0.18 g
sodium nitrite (2.6 mmol, Sigma Aldrich) dissolved in 10 mL of water was added dropwise. The
solution was allowed to stir for 15 minutes at 0 °C, then a solution of pre-cooled 0.34 g 3-
(dimethylamino)phenylboronic acid (2.5 mmol, Sigma Aldrich) dissolved in 10 mL 1 M sodium
hydroxide was added dropwise. The mixture was neutralized with 1 M sodium hydroxide, and
stirred for 2 hours at 0 °C followed by 2 hours at room temperature. The reaction mixture was

filtered, yielding a dark red powder in 77.3% crude yield.

The crude solid was dissolved in HPLC grade MeOH (5 mg-mL™") and purified by HPLC
using a gradient of 2:98 ACN/water increasing to 40:60 over 32 minutes. The product was
collected between 15.5 and 17.8 minutes elution time. The solvent was removed under reduced

pressure, yielding a deep purple solid.

'"H NMR (500 MHz, methanol-ds) & ppm 3.3 (br. s, 6 H), 7.1 (br. s., 1 H), 7.1 (br. s., 1 H), 7.7 (t,
1 H), 8.0 (br. s., 1 H), 8.3 (d, 1 H), 8.8 (br. s., 1 H), 9.0 (d, 1 H), 9.6 (br. s., 1 H).

3C NMR (125 MHz, methanol-ds, from HSQC only) 6 ppm 43.6, 117.0, 118.1, 119.6, 127.0,
127.5, 130.5, 130.6.

HR-MS (ESI, 4.5 kV): m/z Calculated for C1sHisBN3Na3OsS, [M + 2CH30H — 2H,0 + Na]™:
574.0472; found: 574.0484.
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Synthesis of sodium (E)-4-((4-boronophenyl)diazenyl)-3-hydroxynaphthalene-2,7-
disulfonate (Compound 9)

(I)H

NaO3S B.
L
N.
e
OH

SO3Na

Reproduced from Reference 13. To a 25 mL round bottom flask equipped with a magnetic
stir bar was added: 0.20 g of 4-aminophenylboronic acid pinacol ester (0.91 mmol, Sigma Aldrich),
2 mL of water, and 0.3 mL of concentrated HCI. The flask was cooled below 5 °C with an ice
bath, then a cold solution of 0.066 g sodium nitrite in 2 mL of water was slowly dropped in. The
resulting solution was stirred for 15 minutes at 0 °C, then a cold solution of 0.34 g sodium 3-
hydroxynaphthalene-2,7-disulfonic acid disodium salt (0.98 mmol, Sigma Aldrich) dissolved in 2
mL of water was added dropwise. The solution was stirred for 15 minutes at 0 °C, then allowed
to warm to room temperature. The solution was basified to pH=6.0 with 20% w/v sodium
hydroxide, and the resulting red precipitate was vacuum filtered and rinsed with 5 mL cold water.
The solid was then rinsed with acetone until the filtrate ran clear. Yield: 42% red powder, pure by
'H NMR and was used without further purification. As in the original reference, the pinacol group

is removed during the synthesis.

'H NMR (500 MHz, DMSO-ds) 8 ppm 7.79 (d, 2 H), 7.82 (d, 1 H), 7.95 (d, 2 H), 7.96 (s, 1 H),
8.17 (s, 2 H), 8.28 (s, | H), 8.42 (d, 1 H).

3C NMR (75 MHz, DMSO-ds) 8 ppm 116.6, 120.8, 125.1, 125.4, 126.3, 126.9, 127.3, 129.5,
133.0, 135.5, 138. 6, 140.7, 143.9, 146.2, 172.0.

HR-MS (ESI, 4.5 kV): m/z Calculated for C1sH;sBN2Na3O9S, [M + 2CH30H — 2H,0 + Na]™:
547.0000; found: 546.9995.
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5.34 Titration of Candidate Indicator Molecules

Candidate indicator molecules were dissolved in 0.1 M phosphate buffer adjusted to pH =
7.4, to give a final indicator concentration of 10 uM. This concentration was found to give useful
absorbance values for all indicators investigated (ca. 0.1 — 0.5). Samples were then titrated with
glucose, fructose, and dopamine, from 0 — 100 mM, with a visible absorbance spectrum acquired
at each step. The process was repeated from 0 — 10 mM depending on the response. UV-vis
spectra were acquired with a Cary 100 dual-beam spectrophotometer equipped with a temperature

controller set to 21.0 °C.
5.3.5 Spectral Response

The spectral response was assessed by tracking the change in absorbance at the Auqx as a
function of titrant concentration. Plots were constructed showing the change as a function of

analyte, as well as the percentage change in absorbance from no analyte to saturation.
5.4 Results and Discussion

Importantly, it should be noted that the optical responses presented here occur at a pH of
7.4, and as such is a good comparison for the pH conditions the indicator molecules would
encounter in vivo. The binding of diols by boronic acids is highly pH-dependent, and many of the
best indicators reported in the literature exhibit an optimal response at substantially more basic

conditions than would be found in a biological setting.'>!®

5.4.1 Spectral Changes

All of the boronic acid-functionalized azobenzene derivatives exhibited spectral changes
when exposed to dopamine. Compounds 1 — 8 exhibited large shifts in absorption above 50 mM
dopamine, however little change was observed in the lower concentration regions (1 — 25 mM) of
the titrations. Compound 9 gave the best response at low concentrations (1 — 5 mM), with a
correspondingly higher sensitivity to glucose and fructose as noted in Reference 13. Figure 5.3
shows the visible response of Compound 7 to dopamine (0 — 100 mM), and the comparative
appearance of the same compound in 100 mM glucose, fructose, and dopamine (see Figure 5.4),

where the compound shows no response to the two saccharides.
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Figure 5.3 Visible change in the appearance of Compound 7 (10 uM in pH = 7.4 buffer) on titration
with dopamine (0 — 100 mM). From left to right, dopamine concentration is: 0, 1, 5, 10, 25, 50,
and 100 mM.

p —

N U S

Figure 5.4 Visible change in the appearance of Compound 7 upon exposure to dopamine, glucose,
and fructose. The solutions contain 10 uM indicator in pH = 7.4 buffer, and (from left to right)

dopamine, glucose, and fructose at 100 mM.

Figures 5.5 — 5.13 show the response of Compounds 1 — 9 to dopamine over a range of
concentrations. Compounds 1 — 8 were titrated from 0 — 100 mM, while Compound 9 was found
to undergo saturation at much lower concentration and the figure depicts titration from 0 — 10 mM.

Note that in all cases, the large absorbance below 320 nm is due to the dopamine itself.
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Figure 5.5 Spectral changes in Compound 1 upon titration with dopamine (0 — 100 mM).
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Figure 5.6 Spectral changes in Compound 2 upon titration with dopamine (0 — 100 mM).
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Figure 5.7 Spectral changes in Compound 3 upon titration with dopamine (0 — 100 mM).
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Figure 5.8 Spectral changes in Compound 4 upon titration with dopamine (0 — 100 mM).
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Figure 5.9 Spectral changes in Compound 5 upon titration with dopamine (0 — 100 mM).
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Figure 5.10 Spectral changes in Compound 6 upon titration with dopamine (0 — 100 mM).
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Figure 5.11 Spectral changes in Compound 7 upon titration with dopamine (0 — 100 mM).
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Figure 5.12 Spectral changes in Compound 8 upon titration with dopamine (0 — 100 mM).
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Figure 5.13 Spectral changes in Compound 9 upon titration with dopamine (0 — 10 mM).
Although the degree of spectral shift is smaller in this compound, the concentration range is 10x

lower than that of Compounds 1 — 8.

The data from the dopamine response curves is summarized in Figure 5.14. The curves for
Compounds 1 — 8 all exhibit a similar decrease in absorbance, where Compound 9 exhibits an

increase at the Anqx, and develops a redshifted shoulder.
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Figure 5.14 Change in visible absorbance of candidate indicator molecules upon titration with
dopamine. The indicator molecules are in solution at 10 uM, and were titrated from 0 — 100 mM

dopamine, except for Compound 9 which was titrated from 0 — 10 mM dopamine.

Compounds 1 — 6, which are all based on the same core molecule, show very similar
responses, with a blueshifted absorbance appearing around 400 nm and a corresponding reduction
in absorbance at the A4 centred at 525 nm (£25 nm). The feature centred at 400 nm corresponds
to the dopamine-boronic acid complex, redshifted from the absorbance of pure dopamine between
200 — 300 nm. However, the degree of change in the A varies by about 10%, from 40 — 50%
depending on the compound (see Figure 5.15 in Section 5.4.2 below). Compounds 7 and 8 vary
over the same range, although Compound 8 is by far the most redshifted with a 4,4 at 568 nm,
corresponding to its deep purple appearance in solution. Compound 9 only exhibits a 23% change
in absorbance at the Amax, but responds to dopamine concentrations an order of magnitude lower

than the other compounds (ca. 10 mM).

Only Compound 2 exhibits a clear isosbestic point on titration with dopamine. This is
likely due to the broad 350 — 650 nm feature present in the absorbance spectrum of pure dopamine,

as shown in Figure 5.37.
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5.4.2 Dopamine Spectral Response

The utility of the compounds described in this study as visible reporters for dopamine is a
combination of the amount of dopamine required to induce binding, and the degree of spectral
change upon complexation. Compounds 1 — 8 exhibit suitable levels of spectral change, as shown
in Figure 5.15 below, however the concentration range over which they respond is significantly

higher than dopamine concentrations in vivo (ca. 50 mM compared to ca. 5 mM in the brain).
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Figure 5.15 Percent change in absorbance at the Anax during titration with dopamine, at 10 uM
indicator concentration. For Compounds 1 — 8, the maximum dopamine concentration was 100

mM; Compound 9 was titrated to 10 mM.

Compound 9 has a more subtle visible shift, changing from a red-orange colour to pink
upon complexation, with a significant amount of overlap between the spectra of the bound and
unbound indicator that obscures the change. Figure 5.16 shows the response of Compound 9 over
a much lower concentration range (0 — 400 uM), where the visible response is still clearly visible,

albeit relatively small at the Amax.
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Figure 5.16 Absorbance spectra of Compound 9 upon titration with 0 — 20 equivalents of
dopamine (indicator concentration: 20 uM). Note the increase in molar absorptivity near the Anax

at 502 nm, and the development of a shoulder at 552 nm.

Although the change in absorbance at the Anq 1s small (~50% less) compared to
Compounds 1 — 8, it is accompanied by the development of a significant shoulder at 552 nm where
there is little absorbance from the unbound indicator (see Figure 5.17 below). Additionally, the
compound responds to concentrations of dopamine more than an order of magnitude lower than
those with the boronic acid moiety ortho to the azo bond, potentially rendering it the most useful

compound as an indicator for dopamine.
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Figure 5.17 Ratio of absorbance spectra of Compound 9 with 0 — 20 equivalents of dopamine
(indicator concentration = 20 pM). Note the large feature at 552 nm corresponding to the shoulder

in Figure 5.16.
5.4.3 Sensitivity to Glucose and Fructose

With the exception of Compound 9, which exhibits a response to dopamine at much lower
concentrations, none of the investigated compounds show an appreciable response to either
glucose or fructose. This is consistent with the concentration responses for Compounds 1 — 8 vs
9, and is expected based on the previously reported binding constants of phenylboronic acid with
saccharides (ca. 4x10°) compared with the stronger binding of phenylboronic acid and catechol
(20x10%).'7  Absorbance spectra for titrations with glucose and fructose are shown in the

Supplementary Information (Section 5.7).

The lower affinity of the indicator molecules for saccharides compared with the
catecholates is critical to their effective operation in vivo, where relatively high concentrations (ca.
5 mmol)'® of saccharides can be found. No substantial response to saccharides is observed except

for Compound 9, where 5 mM of saccharide produces a non-saturating response. As a result,
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spikes in dopamine concentration, like those observed in neural impulses, would still be visible

above the baseline change due to the presence of saccharide.
5.4.4 Indicator Stability

Several of the compounds exhibited limited stability in solution, undergoing
decomposition (typically a large change in colour, often accompanied by the formation of
precipitate) after only a few days. Compounds 4 and 5 (with p-NO; and p-SOs;Na substituents,
respectively) were stable for much longer in dilute solution, with their original colour persisting
for weeks. Compound 9 appears to be stable in pH = 7.4 buffer indefinitely (see Figure 5.18),
suggesting the higher reactivity may be due to the electronic donation of the azo-bond ortho into

the boronic acid, which activates the B-N bond.!**°
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Figure 5.18 UV-vis traces of Compound 9 in pH = 7.4 buffer. The solid blue curve is a freshly

prepared solution, while the dashed red line is the same compound after 1 year in solution.

The persistent strong colouration of all the decomposed indicators suggests the
preservation of the azo moiety: analysis of the precipitate from a solution of Compound 2 show a

single major product, with a similar ring substitution pattern. The high resolution mass spectrum
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shows the decomposition product contains no boron, which is further corroborated by the
behaviour of Compounds 7 and 8. Both decompose to a species with approximately the same deep
red-orange colour after approximately one week in pH = 7.4 buffer, and exhibit no shift in

absorbance when exposed to dopamine.
5.5 Conclusions

We have synthesized several boronic acid-functionalized azobenzene derivatives that act
as colourimetric indicators for the neurotransmitter dopamine. The majority of the candidate
indicators show an optical response in the 10 — 100 mM range, with one responding to dopamine
concentrations more than an order of magnitude lower. Since biological dopamine concentrations
are on the order of 0.1 — 5 mM, a combination of indicators could be used to determine dopamine
concentration over a much larger range (0.1 — 100 mM). The candidate indicator compounds were
also screened for their response to glucose and fructose, both of which are present in biological
systems in up to millimolar concentrations. None of the compounds responded to glucose, and
only one exhibited a reduced response to fructose, suggesting that biogenic saccharides do not
interfere with the indicator’s ability to report the presence and of dopamine. Although the stability
of the indicators in biological pH conditions was variable, at least one compound was found to be
stable indefinitely under the same conditions. The kinetics of the binding event were not explicitly
investigated in this study: however, the colour change was qualitatively nearly instantaneous upon
addition of the dopamine to the indicator solution. This represents an area of future study, since

the timescale of neuronal impulses is on the order of milliseconds.

It should also be noted that one of the most important characteristics of this method of
dopamine detection is that, unlike the vast majority of fluorescent NT and saccharide reporters, all
indicators discussed here respond exclusively to visible light, with no need for harsh UV
excitation. This is one of the greatest benefits of azo absorption-based compounds, and will greatly

improve the biocompatibility of any device built with these systems as the active reporters.
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5.7 Supplementary Information

5.7.1 Glucose Spectral Response
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Figure 5.19 Spectral changes in Compound 1 upon titration with glucose (0 — 100 mM).
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Figure 5.20 Spectral changes in Compound 2 upon titration with glucose (0 — 100 mM).
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Figure 5.21 Spectral changes in Compound 3 upon titration with glucose (0 — 100 mM).
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Figure 5.22 Spectral changes in Compound 4 upon titration with glucose (0 — 100 mM).

0.15

u.)

0.10 +

0.05

Absorbance (A.

Wavelength (nm)

—O0mM
—1mM
5mM
— 10 mM
25 mM
—50 mM
100 mM

Wavelength (nm)

600 700

Figure 5.23 Spectral changes in Compound 5 upon titration with glucose (0 — 100 mM).
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Figure 5.24 Spectral changes in Compound 6 upon titration with glucose (0 — 100 mM).
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Figure 5.25 Spectral changes in Compound 7 upon titration with glucose (0 — 100 mM).



—0mM
—1mM
5mM
— 10 mM
25 mM
— 50 mM
100 mM

Absorbance (A.U.)

0.00 - . , . : . , \\ ,
300 400 500 600 700
Wavelength (nm)

Figure 5.26 Spectral changes in Compound 8 upon titration with glucose (0 — 100 mM).
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Figure 5.27 Spectral changes in Compound 9 upon titration with glucose (0 — 100 mM).
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5.7.2 Fructose Spectral Response
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Figure 5.28 Spectral changes in Compound 1 upon titration with fructose (0 — 100 mM).
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Figure 5.29 Spectral changes in Compound 2 upon titration with fructose (0 — 100 mM).
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Figure 5.30 Spectral changes in Compound 3 upon titration with fructose (0 — 100 mM).
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Figure 5.31 Spectral changes in Compound 4 upon titration with fructose (0 — 100 mM).
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Figure 5.32 Spectral changes in Compound 5 upon titration with fructose (0 — 100 mM).
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Figure 5.33 Spectral changes in Compound 6 upon titration with fructose (0 — 100 mM).
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Figure 5.35 Spectral changes in Compound 8 upon titration with fructose (0 — 100 mM).
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Figure 5.36 Spectral changes in Compound 9 upon titration with fructose (0 — 100 mM).

149



5.7.3 Analyte Spectral Response

Blank titrations were performed with each of the three analytes (dopamine, glucose, and fructose)
to ensure the effect of the unbound analyte on the indicator response spectra was minimal. This is
true for glucose and fructose, which exhibit effectively no absorbance features above 300 nm, and
minimal for dopamine, which has a broad feature at ~475 nm, which only represents an absorbance
of ~0.1 A.U. at 100 mM.
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Figure 5.37 Blank titration of dopamine in pH = 7.4 buffer (0 — 100 mM).
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Figure 5.38 Blank titration of glucose in pH = 7.4 buffer (0 — 100 mM).
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Figure 5.39 Blank titration of glucose in pH = 7.4 buffer (0 — 100 mM).
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Rationale for: Polymer Coatings for Neurotransmitter Detection

The limits of current technology for measuring brain activity demands new techniques
capable of operating in vivo for much longer periods of time. The inherent bio-incompatibility of
hard electrical probes with soft brain tissue results in rejection of implants over relatively short
time periods. These probes cannot easily be coated to enhance their biocompatibility, due to the
resulting reduction in sensitivity caused by masking the electrode. Optical probes do not suffer
from these limitations; the only requirement for surface coatings is that they be transparent to the
optical signal. In this chapter, we present a novel approach for detecting neuronal impulses, based
on colourimetry. Several boronic acid-functionalized azo compounds from Chapter 5, screened
for their spectral response to dopamine, are chemically or physically appended to polyelectrolyte
multilayers which act as a convenient platform for the indicator, and additionally act as
biocompatible coatings for the probe material. The probe itself is a cleaved fibre optic (glass or

plastic), which provides a conduit for the optical measurements to be made.

Solution |

| | _
- Dopamine

PEM

i
g

*Strong colour change visible in original thesis submission file format. May not fully reproduce clearly in PDF
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Chapter 6: Polymer Coatings for Neurotransmitter Detection

6.1 Abstract

Boronic acids are well known for their ability to strongly and selectively bind with vicinal
diols. When attached to a chromophore or fluorophore, this binding can turn the photoactive base
into a visible reporter for vicinal diols, such as those found on monosaccharides, or on the
catecholamine class of neurotransmitters. This detection scheme was demonstrated in the previous
chapter for the neurotransmitter dopamine with both indicator and analyte in solution. In this
chapter, we present progress towards the development of an all-optical, biocompatible implant
capable of detecting neural activity in the form of dopamine release. Five indicator systems, three
of which are based on polyelectrolyte multilayer films doped with indicators from Chapter 5, as
well as two polyelectrolytes with covalently-bound indicators, have been prepared. Their optical
response to dopamine in solution was measured on flat substrates, and some preliminary progress
towards adapting the system to the surface of an optical fibre probe is presented to demonstrate

future potential.
6.2 Introduction

Current methods of locally monitoring neural activity in vivo are most often based on the
implantation of small, conductive electrical probes into neural tissue to detect electrical impulses.
Electrical probes, being almost exclusively made of hard, electrically-conductive materials, suffer
the major drawback of rejection by the body after relatively limited periods of time.!
Additionally, even though many technologies exist to enhance the biocompatibility of implants,
these techniques tend to fail when applied to electrodes, as they are usually based on polymer
coatings which have the unwanted effect of diminishing the electrical sensitivity of the probe. For
this reason we propose an all-optical probe, sensitive to the presence of neurotransmitters, which

can be made biocompatible without compromising the sensitivity of the measurement.

Dopamine is one of a small number of core neurotransmitters used to mediate neuronal
impulses in the brain. Parkinson’s disease is characterized by the mass death of dopamine-

producing neural cells, resulting in a lack of available dopamine to mediate neural signals and a
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corresponding lack of motor function. Dopamine, a catecholamine, is structurally similar to two
other important compounds that act both as neurotransmitters and hormones: epinephrine
(adrenaline) and norepinephrine (noradrenaline) pictured in Figure 6.1 below. Neuronal impulses
occur as spikes of NT release, which simplifies the problem of detection by requiring only the

ability to determine changes in concentration of NTs, not absolute concentration.

A OH B OH C OH
OH OH OH
HO/ HO/,’
H,N H,N HN
CH,

Figure 6.1 The three main aminocatecholate neurotransmitters: A) dopamine mediates signals
within the frontal cortex of the brain, while B) norepinephrine and C) epinephrine also act as

hormones used to convey signals from the sympathetic nervous system to various organs.

Dopamine occurs naturally at low levels in the body (ca. 0.5 — 25 nM in cerebrospinal
fluid),* but the instantaneous concentration in the synaptic gap can be considerably higher,
reaching into the tens of millimolar concentration range in the millisecond timescale of neuronal
impulses.” The concentration inside the vesicles, the tiny containers that hold the NTs prior to
release into the synaptic gap, can be even higher, at 100 — 200 mM. NT-molecules are loaded into
vesicles via active proton pumping, resulting in a drop in pH upon vesicle release during the
transmission of neural impulses.® As a result, the pH conditions in the brain vary depending on
the location and the level of brain activity, and can be lower by ~0.5 pH units from the baseline
physiological pH of 7.4. The pH conditions are important to this study due to the pH-dependent

nature of NT-binding by boronic acids, as discussed in Section 1.5.3.1.

The indicator molecules described in the previous chapter demonstrated the ability of
boronic acid-functionalized azo compounds to act as visible reporters for dopamine. Unlike the
UV excitation required for many fluorophore-based reporters, the low power visible light required
for azobenzene-based chromophores is generally not harmful to biology, which represents a major
advantage of our proposed system. To be useful for in vivo detection, these indicator molecules

must be immobilized on the surface of the probe, which in our proposed system is an optical fibre.
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Although optical fibres, which are composed of either glass or polymers, suffer from the same
problems of modulus mismatch with biology as electrical probes, fibres can easily be made
functionalized with biocompatible films such as polyelectrolyte multilayers, which need only be

partially transparent to visible light to allow the probe to operate.

Polyelectrolyte multilayers (PEMs) are formed by the alternating immersion of a substrate
into solutions of positive and negative polyelectrolytes (charged polymers).” They have been
demonstrated in numerous studies to enhance the biocompatibility of hard substrates, due to their
high water content, charge, and low, tuneable modulus.®>!° They can be assembled on effectively
any surface which can provide even a modest surface charge,!'! forming thermodynamically and
kinetically stable films. Four types of polyelectrolytes are used in this study: hyaluronic acid (HA)
and poly(allylamine hydrochloride) (PAH) are used to form a stable matrix to immobilize charged
indicator compounds for neurotransmitters, while poly(dimethyldiallylammonium chloride)
(PDADMAC) is co-assembled with two indicator-functionalized poly(acrylic acid) (PAA)

polymers.

Three of the indicators from the previous chapters were selected to be embedded in a
multilayer composed of PAH, a commonly-used weakly cationic polyelectrolyte, and HA, a bio-
derived anionic polyelectrolyte. These films were demonstrated in a previous study to undergo
large changes in thickness in response to the pH of their environment, and to absorb and
immobilize charged small molecules in the biological pH regime.'>? HA-based films have also
been demonstrated as good substrates for cell growth in vitro,'*'* and HA itself is found in
numerous areas of the body including joints, the vitreous humour, and the brain.!> The small
molecule indicators were chosen based on two main criteria: the first is that the molecule be
charged, which is critical both for the uptake and immobilization of the indicator in the multilayer
structure. The second criterion is the efficacy of the candidate indicator itself, as determined in
Chapter 5 based on the degree of spectral change, and the concentration of dopamine required to
induce the change. Three indicators were selected: Compounds 7 — 9 from Chapter 5, shown in

Figure 6.2 below:
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Compound 7 NH, Compound 8 H3C\N_CH Compound 9 HQB_OH
3

o} CH3; /n

Figure 6.2 The three candidate indicator molecules selected for uptake into the PAH/HA
multilayers (Compounds 7 — 9). All three have sulfonate functional groups, which lends an
effectively pH-independent negative charge, allowing them to be immobilized in the PEM matrix.
The bottom row shows the structure of the polyelectrolytes hyaluronic acid and poly(allylamine
hydrochloride), used to fabricate the PEMs for immobilizing the indicator compounds on the fibre

surface.

In addition to the three small-molecule indicators immobilized in the polyelectrolyte
matrix, two PAA-based polymers covalently functionalized with different indicators were
prepared, shown in Figure 6.3. PDADMAC, is a strong, positively-charged polyelectrolyte used

to assemble the PEMs in conjunction with Polymers 1A and 1B.
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Figure 6.3 The covalently-functionalized polymers used in this study. 1A) and 1B) are
poly(acrylates) directly functionalized with azo-boronic acids, based on Polymer 1. PDADMAC
is a strongly positively-charged polyelectrolyte used to assemble PEMs with Polymers 1A and 1B.

The indicator-functionalized fibres can be assembled on the surface of an optical fibre with
conventional PEM-assembly conditions. The active sensing area of the fibre is stripped of its
protective cladding, which acts to optically isolate the fibre from its surroundings. As light
propagates through the fibre, some light is able to couple with the chromophores via the evanescent
wave, which penetrates a short distance from the fibre surface into the surrounding media where
the cladding has been removed (depending on the ratio of indices of refraction of the fibre and
surroundings). This coupling allows the absorbance spectrum of the indicators to be measured,
including the changes that occur upon dopamine binding. In the first development stages of this
work, measurements are made in a large-area linear transmission configuration, with the light
travelling from the source, along the length of the fibre and sensor section, to the detector.
Ultimately, this configuration could be changed to a small-diameter, coated terminal reflection
type single-mode probe (such as the one described in Reference 16), which can more easily be

implanted: tip configurations are discussed in more depth in Section 1.6.2 of Chapter 1.
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6.3 Experimental Section

6.3.1 General Considerations

All commercial materials (solvents and reagents) were used as received unless otherwise
noted. 'H, HSQC, and HMBC NMR spectra were acquired with either a Bruker 500 or 400 MHz
spectrometer; '3C spectra were acquired with a Varian 75 MHz spectrometer. Chemical shifts are
reported in ppm on the d-scale, referenced to the solvent residual signal. High-resolution mass
spectrometry was performed using a Bruker Maxis Impact Quadrupole-Time of Flight mass
spectrometer with a source voltage of 4.5kV. Gel permeation chromatography was performed

with an Agilent GPC 50 equipped with two analytical columns (mixed beds, PolyAnalytik).
6.3.2 Synthetic Details

The synthesis of the indicator molecules (Compounds 7 — 9) is described in the previous
chapter. Polymer 1 was prepared via free-radical polymerization of acrylic acid and 4-
aminophenylacrylate (Compound 3), initiated thermally by asobisisobutyronitrile (AIBN).
Polymer 1 was then diazotized, and functionalized with either 3-aminophenylboronic acid or

Compound 4 to form Polymers 1A and 1B, respectively.
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Synthesis of zert-butyl (4-hydroxyphenyl)carbamate (Compound 1)

HNOOH
o~
A ©

1.09 g p-aminophenol (10 mmol, Alfa Aesar) was dissolved in 50 mL THF in a 100 mL
round bottom flask. To the stirring solution was added 2.30 mL Boc anhydride (10 mmol,
Oakwood). The solution was capped with a vented septum, and set stirring overnight. The reaction
progress was followed by TLC (5% MeOH/95% DCM): after 18 hours it was judged complete,
and the solvent, Boc anhydride, and #-butanol were removed under reduced pressure, giving a light

tan solid in quantitative yield which was used without further purification.

'"H NMR (300 MHz, chloroform-d) & ppm 1.51 (s, 9 H), 5.50 (br. s., 1 H), 6.36 (br. s., 1 H), 6.75
(d,2 H), 7.18 (d, 2 H).

3C NMR (75 MHz, chloroform-d) & ppm 28.4, 80.4, 115.7, 121.3, 131.0, 151.9, 153.5.

HR-MS (ESI, 4.5 kV): m/z Calculated for C11H14NOs™ [M — H] : 208.0979; found: 208.0974.

159



Synthesis of 4-((tert-butoxycarbonyl)amino)phenyl acrylate (Compound 2)

A7
O%N‘@*OW
7< 0

To a 100 mL flask containing the crude fert-butyl (4-hydroxyphenyl)carbamate (2.09 g, 10
mmol) was added 4.2 mL of triethylamine (30 mmol, Fisher) and 50 mL of dichloromethane, and
the flask was stirred until the solid dissolved. A solution of 1.21 mL acryloyl chloride (45 mmol,
Sigma Aldrich) dissolved in 10 mL DCM was added to the flask dropwise, with stirring. The
reaction was monitored by TLC (40% EtOAc/60% hexanes), and judged complete after 2 hours.
The solvent was removed from the crude mixture under reduced pressure, and the resulting tan
solid was purified by column chromatography on an 80 g silica gel column (0 — 30%

EtOAc/hexanes). The product was isolated as a crystalline white solid in quantitative yield.

'H NMR (500 MHz, chloroform-d) & ppm 1.47 (s, 9 H), 5.96 (d, 1 H), 6.26 (dd, 1 H), 6.55 (d, 1
H), 6.77 (br. s., 1 H), 7.01 (d, 2 H), 7.37 (d, 2 H).

13C NMR (125 MHz, chloroform-d) & ppm 28.3, 80.5, 119.3, 121.8, 127.9, 132.5, 136.1, 145.8,
152.7, 164.7.

HR-MS (ESI, 4.5 kV): m/z Calculated for C14H17NNaO4" [M + Na]": 286.1050; found: 286.1052.
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Synthesis of 4-aminophenyl acrylate (Compound 3)

A/

i d
All of Compound 2 (~10 mmol) was dissolved in 150 mL of dichloromethane in a 250 mL
round bottom flask. The flask was cooled on ice, and 14.5 mL of trifluoroacetic acid (50 mmol,
Sigma Aldrich) was added dropwise. The flask was allowed to warm to room temperature, and
was stirred overnight. The reaction mixture was poured into a 500 mL separatory funnel,
neutralized with dilute sodium hydroxide, and washed with water. The solvent was removed in
vacuo, and the resulting yellow-brown oil was purified by column chromatography on an 80 gram

silica column using a 0 — 40% gradient of ethyl acetate in hexanes. The product was isolated as a

yellow oil (darkens on standing) in 23% yield.

'"H NMR (500 MHz, chloroform-d) & ppm 3.66 (br. s., 2 H), 5.98 (dd, 1 H), 6.31 (dd, 1 H), 6.58
(dd, 1 H), 6.68 (d, 2 H), 6.92 (d, 2 H).

13C NMR (125 MHz, chloroform-d) & ppm 115.6, 122.1, 128.1, 132.1, 142.7, 144.2, 165.1.

HR-MS (ESI, 4.5 kV): m/z Calculated for CoH1oNO," [M + H]": 164.0706; found: 164.0706.
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Synthesis of poly(acrylic acid-co-4-aminophenyl acrylate) (Polymer 1)

*
*
n 1-n

0 O 0O OH

NH»

To a 25 mL polymerization ampoule equipped with a rotaflow stopcock was added 0.19 g
4-aminophenyl acrylate (Compound 3; 1.2 mmol), 0.45 mL acrylic acid (redistilled; 6.6 mmol),
0.0575 g AIBN (recrystallized from methanol, 4.5 mol %, Sigma Aldrich), and 16 mL THF
(inhibitor free, HPLC grade). The solution was degassed with three cycles of freeze-pump-thaw,
and was then purged with argon and sealed. The ampoule was stirred in a 60 °C oil bath for 48
hours, then cooled to room temperature. The solution was decanted from the ampoule, and the
solvent removed in vacuo. The crude polymer was then redissolved in 5 mL THF, and slowly
dropped into 200 mL dichloromethane with vigorous stirring. The solid was then filtered and dried
in vacuo, yielding 0.51 g pale yellow solid in a 70.3% yield. 'H NMR shows a ratio of ~12:1

acrylic acid/aniline mers.

'H NMR (500 MHz, DMSO-de) & ppm 1.2 — 2.1 (-CH>-CH-), 2.1 — 2.4 (-CH-CH-), 6.5 — 7.7
(arom. CH), 12.2 (-COOH).

GPC trace (THF): 18.4 minutes, corresponding to a MW = 2258 g-mol ! with a PDI = 1.29.
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Synthesis of poly(acrylic acid-co-(E)-(2-((4-(acryloyloxy)phenyl)diazenyl)-5-
aminophenyl)boronic acid) (Polymer 1A)

NH,

To a 25 mL round bottom flask was added 0.10 g Polymer 1 (0.1 mmol amine mer), 5 mL
DMF, 5 mL water, and 0.13 mL c. HCI (1.5 mmol). The solution was stirred on ice until the
temperature was <5 °C, then 0.50 mL of cold 0.2 M sodium nitrite was added dropwise. The
solution was stirred on ice for 15 minutes to facilitate the formation of the diazonium salt, then a
cold solution of 0.0138 g of 3-aminophenylboronic acid (0.1 mmol, Boron Molecular) in 1 mL
water and 1 mL DMF was added dropwise. The solution was neutralized with 1 M NH4OH, then
allowed to stir on ice for 2 hours before being brought to room temperature. The solvent was
removed under reduced pressure, yielding a reddish solid. The crude product was redissolved in
6 mL DMF, then added dropwise to a stirring flask of 250 mL ethyl acetate. The polymer
suspension was covered and allowed to stir overnight, then filtered and washed with ethyl acetate,

leaving a dark purple solid.

'H NMR (500 MHz, DMSO-ds) & ppm 1.3 — 1.8 (-CH>-CH-), 2.2 (-CH»-CH-), 6.9 — 7.8 (arom.
CH). The shift corresponding to the acrylate COOH 1is absent, likely due to the ammonium

hydroxide used to neutralise the mixture.
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Synthesis of (2-((rm-tolylamino)methyl)phenyl)boronic acid (Compound 4)

HO/B\OH

Adapted from Reference 17. To a solution of 0.90 g 2-formylbenzeneboronic acid (6
mmol) in 30 mL of dry methanol in a 100 mL round bottom flask was added a solution of 0.66 mL
m-toluidine in 30 mL dry methanol. To this stirring solution was added, in small portions, 0.75 g
sodium cyanoborohydride (12 mmol). The mixture was allowed to stir overnight, then the solvent
was removed in vacuo, and the compound was dissolved in ethyl acetate and washed with brine.
The ethyl acetate was removed in vacuo, and the crude solid was dissolved in 60 mL of methanol,
then added dropwise to a slowly stirring beaker of 120 mL water. The suspension was filtered and

rinsed with water, yielding slightly off-white platelike crystals in a 56% yield.

'"H NMR (500 MHz, methanol-ds) & ppm 2.19 (s, 3 H), 4.29 (s, 2 H), 6.55 (d, 1 H), 6.62 (d, 1 H),
6.60 (s,2 H), 6.98 (t, 1 H), 7.16 — 7.20 (m, 1 H), 7.23 — 7.29 (m, 3 H).

3C NMR (100 MHz, methanol-ds) & ppm 21.7, 49.4, 51.6, 114.6, 118.1, 122.4, 126.6, 127.6,
129.5, 129.8, 132.4, 139.8, 145.7, 148.6.

HR-MS (ESI, 4.5 kV): m/z Calculated for CisH20BNNaO; [M + 2CH30H — 2H,O + Na]™
292.1479; found: 292.1482.
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Synthesis of poly(acrylic acid-co-(E)-(2-(((4-((4-(acryloyloxy)phenyl)diazenyl)-3-
methylphenyl)amino)methyl)phenyl)boronic acid) (Polymer 1B)

o O O” OH
N
N
HN
QH
B.
OH

To a 25 mL round bottom flask was added 0.10 g Polymer 1 (0.1 mmol amine mer), 5 mL
DMF, 5 mL water, and 0.13 mL c. HCI (1.5 mmol). The solution was stirred on ice until the
temperature was <5 °C, then 0.50 mL of cold 0.2 M sodium nitrite (0.1 mmol, Sigma Aldrich) was
added dropwise. The solution was stirred on ice for 15 minutes to facilitate the formation of the
diazonium salt, then a cold solution of 0.0241 g of (2-((m-tolylamino)methyl)phenyl)boronic acid
(0.1 mmol) in 1 mL water and 1 mL DMF was added dropwise. The solution was neutralized with
1 M NH4OH, then allowed to stir on ice for 2 hours before being brought to room temperature.
The solvent was removed under reduced pressure, yielding a reddish solid. The crude product was
redissolved in 6 mL DMF, then added dropwise to a stirring flask of 250 mL ethyl acetate. The
polymer suspension was covered and allowed to stir overnight, then filtered and washed with ethyl

acetate, leaving behind a dark purple solid.

'H NMR (500 MHz, DMSO-ds) 5 ppm 1.27 — 1.94 (-CH>-CH-), 2.21 (-CH,-CH-), 6.5 — 7.7 (arom.
CH), 12.3 (-COOH).
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6.3.3 Titration of Solution-Phase Indicators

The optical response of the covalently-functionalized polymers was assessed prior to
testing them as part of a polyelectrolyte multilayer. Polymers were dissolved in 0.1 M phosphate
buffer adjusted to pH = 7.4, at approximately 1 mg-mL"'. This concentration was found to give
useful absorbance values (ca. 0.1 — 0.5). Samples were then titrated with dopamine from 0 — 100
mM, with a visible absorbance spectrum acquired at each step. UV-vis spectra were acquired with

a Cary 100 dual-beam spectrophotometer equipped with a temperature controller set to 21.0 °C.
6.3.4 Polyelectrolyte Multilayers

The fabrication of polyelectrolyte multilayers has been described in detail in References 8
and 12. Briefly, glass slides and silicon wafers (used for ellipsometric thickness determination)
were cleaned via immersion in acid piranha (3:1 conc. sulfuric acid/30% hydrogen peroxide
solution), then immersed in alternating 10 mM solutions of pH-adjusted cationic and anionic
polyelectrolytes with 10 mM sodium chloride. Glass fibres were cleaned with methanol to
preserve the polymer cladding on the unexposed sections of fibre. PAH/HA multilayers were
assembled at pH = 5.0 with 10 mM sodium chloride for all solutions. PDADMAC/Polymers 1A
and 1B multilayers were assembled at pH = 7.0 with 10 mM sodium chloride for all solutions. The
thickness of the resulting multilayers was measured on silicon using a single-wavelength null
ellipsometer (633 nm, Gaertner Scientific). The dry (PAH/HA)0 multilayers (where the subscript
indicates the number of polyelectrolyte bilayers in the film) used for the small molecule uptake
and dopamine response experiments were determined to be on the order of 50+5 nm thick (dry np

=1.51+0.03).
6.3.5 Indicator Uptake

Substrates, including 200 um glass core fibre (Thorlabs), single-crystal silicon wafers
(100) (University Wafer, for ellipsometric thickness determination), or standard glass microscope
slides (Fisher Scientific) coated with (PAH/HA) o multilayers, were immersed in a solution of 0.1
mg-mL! indicator, adjusted to pH = 3.0 with 10 mM NaCl to maintain a consistent ionic strength.
After 24 hours of immersion (~1 hour for the fibres, where the uptake could be followed
spectroscopically), the indicator-loaded films were rinsed with neutral water, then immersed in pH

= 7.4 phosphate buffer (10 mM) for 12 hours to remove any excess indicator.
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6.3.6 Optical Response to Analytes on Flat Substrates

Absorbance measurements on flat substrates were acquired by sandwiching the coated
slides in between two fresh, uncoated microscope slides. This process ensured the films remained
wetted, which helped to minimise the scattering inherent to PAH/HA PEMs. All absorbance

measurements were referenced to an undoped, PEM-coated slide, prepared in the same manner.

To determine the time required to induce an optical response, coated slides were immersed
in 5 mM dopamine dissolved in 10 mM pH = 7.4 buffer. The slide was removed and the
absorbance measured every two minutes. The concentration response was analysed in a similar
manner, by immersing a coated slides in various concentrations (1, 5, 10, 25, and 50 mM) of

dopamine for five minutes, followed by acquisition of a visible absorbance spectrum.
6.3.7 Fibre Preparation

Glass-core, 300 — 1200 nm high-OH optical fibres with a core diameter of 200 um were
furnished by Thorlabs. The plastic exterior and cladding layers were removed mechanically with
arazor blade, and the ends were cleaved by scoring with a diamond scribe, then pulled to complete
the cleave. The ends were inspected with a dissection microscope to ensure a clean cleave.
Typically, a 4 cm section of cladding was removed from the centre of the fibre section to act as
the active sensing area. The fibres were then bent by approximately 45° while being heated over

a Bunsen burner, allowing the sensing region to be completely immersed in a solution of analyte.
6.3.8 Optical Fibre Evanescent Wave Measurements

The evanescent-field absorbance through the fibre was monitored using the apparatus
pictured in Figure 6.4. The fibre is held on one end by a bare fibre clamp and the other an SMA
adapter, which is coupled to an SMA patch cable linked to an Ocean Optics USB2000
spectrometer. Light is coupled into the front end of the fibre probe from an Ocean Optics LS-1
tungsten halogen light source via fibre patch cable, and focussed into the fibre end using a short
focal length lens. The central portion of the fibre, coated with indicator-doped PEM, was
immersed in a solution of pH = 7.4 buffer held in a petri dish (equipped with magnetic stir bar, not
pictured), where the concentration of dopamine was varied while the visible absorbance spectrum

was monitored.
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Figure 6.4 Overhead view of the fibre testing setup. A) Light from the tungsten-halogen source
is carried via fibre optic through B) a variable neutral density filter to C) a lens to focus the light
on D) the cleaved fibre end. E) The section of fibre coated with indicator-doped polyelectrolyte
multilayer immersed in F) a solution of buffer with variable amounts of analyte held in a petri dish.
The other end of the fibre is held by a clamped SMA adapter, which couples with H) a fibre

connected to an Ocean Optics spectrophotometer.

6.4 Results and Discussion

6.4.1 Covalently Functionalized Polymer Solution Response to Dopamine
6.4.1.1 Polymer 1A

Titration of a solution of Polymer 1A in pH = 7.4 buffer with dopamine shows a similar
response to the small molecules investigated in Chapter 5, though the absorbance increases with

increasing dopamine concentration in this case.
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Figure 6.5 Spectral changes in Polymer 1A upon titration with dopamine (0 — 100 mM).

Although the solution-phase dopamine response for this polymer were encouraging, a
stable multilayer could not be formed, suggesting decomposition of the polymer under azo
coupling conditions. The GPC results for the polymer after azo functionalization were
inconclusive due to low polymer solubility in THF (necessary for GPC), but did not appear to

show the same high molecular weight peak as the parent Polymer 1.

6.4.1.2  Polymer 1B

The second covalently-linked polymer indicator, 1B, exhibited no detectable optical
response to dopamine in solution at pH = 7.4. This is consistent with the binding behaviour
observed in Reference 17, where the small-molecule chromophore required significantly higher

pH conditions to bind glucose and fructose.
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6.4.2 Doped PEMs on Flat Substrates
6.4.2.1 Uptake on Flat Substrates

Uptake of the candidate disulfonate indicator compounds (Compounds 7 — 9) generated
stable PEM-indicator complexes, with the distinctive colouration of the small molecules preserved
in the multilayer complex (Figure 6.6). Unlike in the solution phase, Compounds 7 and 8 appear
stable to decomposition indefinitely in the dry multilayer (see Chapter 5).

A | B R

4

Figure 6.6 (PAH/HA);o-coated slides after 24 hours immersed in 0.1 mg-mL™' pH = 3.0 solutions

of A) Compound 7, B) Compound 8, and C) Compound 9, followed by 12 hours of immersion in

10 mM pH = 7.4 buffer. The indicator compounds are stable in the film in neutral solution.

The absorbance spectra of all three indicators exhibit slight spectral shifts when absorbed
by the PEM matrix, as shown in Figures 7 — 9 below. The Anax of Compound 7 blueshifts slightly,
while Compounds 8 and 9 redshift slightly upon adsorption: this is consistent with the behaviour

noted in Chromotrope 2R and Indoine Blue in the uptake study by Burke et al.'
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Figure 6.7 Absorbance spectrum of Compound 7 in pH = 7.4 buffer (red curve) and embedded in
a (PAH/HA)0-coated glass slide (blue curve).
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Figure 6.8 Absorbance spectrum of Compound 8 in pH = 7.4 buffer (red curve) and embedded in
a (PAH/HA)0-coated glass slide (blue curve).
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Figure 6.9 Absorbance spectrum of Compound 9 in pH = 7.4 buffer (red curve) and embedded in
a (PAH/HA)0-coated glass slide (blue curve).

6.4.2.2 Indicator Stability on Flat Substrates

Stability of the indicators to leaching from the PEM matrix was variable, depending
strongly on the pH and ionic strength of the rinse solution. No leaching was observed in pure,
neutral water; however, higher ionic strength buffer solutions (ca. 100 mM) induced significant
leaching. Reducing the buffer concentration to 10 mM was found to provide a good compromise
between buffering capacity and indicator stability, and was used for all dopamine-response

experiments.
6.4.3 Dopamine Optical Response on Flat Substrates

Glass slides coated with PEMs and doped with the three indicators exhibited somewhat
different optical responses from their solution-phase analogues. Some leaching upon exposure to
dopamine in solution was observed in all cases, most prominently in Compound 9. However, the
reduction in absorption intensity in all cases was accompanied by a shift in the Ay, indicating

diffusion of analyte into the PEM matrix and binding with the indicator. The plots below (Figures
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10 — 12, corresponding to immersion in 100 mM dopamine at pH = 7.4) are normalized to

accentuate this difference.
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Figure 6.10 Optical response of Compound 7 in 100 mM dopamine and 50 mM pH = 7.4 buffer.

173



: Dopamine-Bound—»

Normalized Absorbance
o
w”
o
1

0-00"''I""I""I""I""I
300 400 500 600 700 800

Wavelength (nm)

Figure 6.11 Optical response of Compound 8 in 100 mM dopamine and 50 mM pH = 7.4 buffer.
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Figure 6.12 Optical response of Compound 9 in 100 mM dopamine and 50 mM pH = 7.4 buffer.
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In addition to the spectral data, the change in visible appearance upon exposure to
dopamine is quite pronounced, as shown in Figure 6.13 for a PEM doped with Compound 9. This
colour change occurs at 5 mM and pH = 7.4, with a minimal amount of indicator leaching from

the PEM matrix.

A B C

< 0O
< m

a e 4

Figure 6.13 Glass slides coated with (PAH/HA)10, doped with Compound 9. A) Fresh indicator-
doped PEM, no dopamine exposure: note the strong orange colouration. B) Indicator-doped PEM
after 15 minutes in 5 mM dopamine at pH = 7.4, which has changed to the red-pink colouration
characteristic of dopamine-bound indicator observed in solution. C) A similar slide with a drop
of D) 50 mM dopamine at pH = 7.4 and E) a drop of pH = 7.4 buffer. Note the pink colouration
visible in the area exposed to dopamine, while no colour change occurs under the buffer, which

were also confirmed reversible on rinsing.
6.4.3.1 Temporal Dopamine Response

The optical response time to dopamine was investigated for Compound 9 immobilized in
a (PAH/HA)1o multilayer, at 5 mM dopamine concentration. The results are presented in Figure
6.14, and similar behaviour is observed to that exhibited by the small molecule in solution. The
shoulder that develops at 523 nm grows by about 10% in the first two minutes (taken as a ratio to
the main feature at 479 nm) and ultimately increases by about 40% after 30 minutes. The indicator
exhibits slow leaching over time, though this process (at 5 mM dopamine) is much slower than the

previous experiments conducted in 100 mM dopamine.
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Figure 6.14 Glass slide coated with (PAH/HA)10 loaded with Compound 9, immersed in 5 mM
dopamine at pH = 7.4. *Note that the final time point is at 32 minutes.

The response to dopamine starts to become measurable over a matter of seconds, but the
number of bilayers applied and pH/ionic strength of the PEM assembly conditions can be
optimized to create a more permeable film, allowing dopamine to penetrate the matrix more easily
and resulting in a faster optical response time. Improving the stability of the indicator to leaching
by dopamine (either by altering the PEM assembly conditions, or by covalent linkage of the
indicator) will also significantly improve the signal to noise ratio, allowing for more information

to be extracted from the data.

It 1s important to note that the significant changes in absorption spectrum and external
appearance in the above experiment occurred as a result of exposure to 5 mM dopamine, under
biological pH conditions (pH = 7.4). This dopamine concentration is on the order (5 mM) of in
vivo dopamine concentrations during a neuronal impulse,’ indicating that this system has the
potential to function as a dopamine detector in a biological setting. The indicator molecule is not

prone to degradation under biological conditions (see Section 5.4.4 for stability of Compound 9),
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and PEMs have been widely demonstrated by our group and others as excellent substrates for cell

growth and adhesion.”!%!3

As well, the binding between boronic acids and catecholates is
reversible, so the indicator does not get consumed as repeated spikes in dopamine concentration

are detected.

The PEM films used in this study have a dry thickness of 50+5 nm, allowing them to easily
be scaled down to the size required for detection on a cellular level. Additionally, this thickness
is of the appropriate length scale to couple well with the evanescent wave from an optical fibre,
allowing its incorporation into an optical fibre-based probe of tens of nanometres. The thickness
can also easily be tuned by altering the number of bilayers deposited, and by carefully selecting
the refractive index of the fibre used for the probe to maximize the coupling between the indicator-

doped PEM and the evanescent field.
6.4.3.2 Concentration Dopamine Response

In addition to the temporal response, the optical response as a function of dopamine
concentration was measured in a (PAH/HA)1o film doped with Compound 9. Figure 6.15 shows
a plot of the ratio of the Aax of the unbound indicator at 479 nm to the shoulder that develops at
approximately 525 nm as a function of dopamine concentration. Analyzing this ratio eliminates
any variation due to indicator leaching, which becomes significant at high dopamine

concentrations (> 25 mM, much higher than biological conditions).

177



1.00 -
| |
0.75 u
o 1 n
'-g [ ]
© |y
S 0.50 - A
S - A A
e A
8 1 a
@ ]
< 0.25
1A
000 | e e e e | 8 . J . | e e LI 1 L L e | e e e e |
0 10 20 30 40 50

Dopamine Concentration (mM)

Figure 6.15 Optical response of Compound 9 in solution (triangles) and doped in a (PAH/HA)10
multilayer film coated on a glass slide coated. The Auax (552 nm solution; 479 nm PEM) is taken
as a ratio with the shoulder that develops due to dopamine binding (502 nm solution; 525 nm

PEM).

The plot shows a clear optical response to dopamine, which is higher in all cases for the
indicator immobilized in a PEM compared with the same molecule in solution. This is due to the
very different chemical environment experienced by the indicator in the PEM matrix, which has a
very different ionic strength and water content,'®?° as well as very different pH conditions®' to
those found in the surrounding solution. This is consistent with the changes in indicator Amax

observed upon uptake into the PEM film, as described in Section 6.4.2.1.
6.4.4 Doped PEMs on Fibre Optics

To demonstrate that the dopamine-responsive polymer films developed in this chapter can,
in principle, be applied to a fibre optic probe, some preliminary results are presented as proof of
principle. The following section demonstrates our ability to effectively coat fibres with a

biocompatible PEM matrix, dope the assembled PEM with NT-indicator molecules while
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following the uptake with evanescent wave spectroscopy, and record some preliminary results
when the fibre is exposed to dopamine. In addition, we present some ideas for the future direction
of this work, including the geometry of potential probes to be used for in vitro and eventually in

vivo dopamine detection.
6.4.4.1 Evanescent Field Absorption of Azobenzene-Functionalized Polyelectrolytes

To ensure the azo-doped polyelectrolyte multilayers were on the correct order of magnitude
of thickness to couple effectively with the evanescent wave on a fibre surface, a test fibre was
coated with poly(Disperse Red 1 acrylate-co-acrylic acid)/poly(allylamine hydrochloride)
(p(DR1A-co-AA)/PAH; structure shown in Chapter 4). This well-characterized multilayer system
has a strong absorbance centred at 470 nm, which matches well with the 488 nm laser line from

an Ar'-ion laser as shown in Figure 6.16 below.
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Figure 6.16 Absorbance spectrum of (p(DR1A-co-AA)/PAH)s on a glass slide. The position of
488 and 633 nm laser sources are indicated on the spectrum: note the difference in relative

absorbance.

A 5 cm section of cladding was removed from the centre of a 20 cm length of optical fibre,

which was then heated with a Bunsen burner and bent into a U shape (Figure 6.17A and C). An
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identical fibre with a similar unclad section was coated with five bilayers of p(DRI1A-co-
AA)/PAH), and the two were tested for their ability to pass 488 and 633 nm light by coupling laser
light into one end and monitoring the amount of light passed through the opposite end. The unclad
fibre passes both wavelengths of light effectively, as shown in Figure 6.17 A and B. The fibre
coated with p(DR1A-co-AA)/PAH) absorbs some light at 633 nm, as can be seen in Figure 6.17E;
however, the 488 nm light is almost entirely absorbed (Figure 6.17F), indicating the azo

chromophores are able to strongly couple with the evanescent field.

Figure 6.17 Demonstration of evanescent wave absorption by azo-functionalized polyelectrolyte
multilayers coated on the surface of glass fibre optics. A) Glass fibre with a 5 cm unclad region,
with B) 633 nm light and C) 488 nm light shining through it. Note the light is clearly visible in
both cases at the opposite end of the fibre. D) Glass fibre coated with poly(Disperse Red 1
acrylate-co-acrylic acid)/poly(allylamine hydrochloride with E) 633 nm propagates through the
fibre with little attenuation and F) the 488 nm light is completely attenuated (red arrow points to

the fibre tip).
6.4.4.2 Uptake on Fibre Optics

Similar dye uptake behaviour to the coated glass slides was observed in multilayers
assembled on glass-core fibre optics, as seen in Figure 6.18 below, where photographs of a
(PAH/HA)10-coated fibre before and after immersion in pH = 3.0 azo dye indicator solution are

presented, and the strong colouration evident.
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Figure 6.18 Glass 200 pm-core fibre optics with the outer blue coating visible. The outer coating
and clear polymer cladding has been removed in the centre (~4 cm), and the glass core has been
coated with A) a (PAH/HA)10 multilayer film and B) a (PAH/HA)10 multilayer film doped with

Compound 9. Note the dark orange colouration of the indicator-doped layer.

The uptake was followed dynamically on the surface of the fibre by immersing a PEM-
coated fibre into the solution of pH-adjusted indicator, and monitoring the evanescent wave
absorbance spectrum. A plot of absorbance as a function of time for the uptake of Compound 9
into a 4 cm section of fibre is shown in Figure 6.21 below, with indicator saturation occurring after

approximately 15 minutes.
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Figure 6.19 Uptake of Compound 7 into a section of (PAH/HA)o-coated fibre. The multilayer
coating becomes saturated after around 10 minutes (note the first three points are prior to

immersion in the indicator solution).

Compounds 8 and 9 exhibit similar uptake curves, with saturation again occurring at about

10 minutes, as shown in Figures 20 and 21.
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Figure 6.20 Uptake of Compound 8 into a section of (PAH/HA)io-coated fibre. The multilayer

coating becomes saturated after around 10 minutes (note the first three points are prior to

immersion in the indicator solution).

Absorbance (A.U.)

300 400 500 600 700 800
Wavelength (nm)

Figure 6.21 Uptake of Compound 9 into a section of (PAH/HA)o-coated fibre. The multilayer

coating becomes saturated after less than 15 minutes (note the first two points are prior to

immersion in the indicator solution).
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6.4.4.3 Indicator Stability on Fibre Surface

Although the external appearance of the indicator-doped multilayers stabilized quickly
after immersion in neutral water or low ionic strength buffer solution, the evanescent-wave
spectrum exhibited a different response. The evanescent-wave spectrum produced a striking
difference depending on the pH of the rinse solution. Figure 6.22 shows two fibres doped with
Compound 9 at pH = 3.0, followed by immersion in solutions of different pH. Upon immersion
in pH = 7.4 buffer, the peak corresponding to the indicator drops from a peak absorbance value of
~1.4 to 0.2 almost immediately, before stabilizing at around 0.1 A.U. However, when the second
fibre is immersed in a rinse solution of pH = 3.0, only a slight reduction in the indicator absorbance
feature occurs before the peak stabilizes at ~99% the peak absorbance. Similar behaviour was

noted for Compounds 7 and 8.
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Figure 6.22 Plot of the evanescent absorbance at the Auq. (546 nm) of two fibres coated with
(PAH/HA)10, doped with Compound 9. At 2 minutes, the fibres are moved from the pH = 3.0
solution of indicator to a rinse of either pH = 7.4 buffer (blue curve) or pH = 3.0 solution (red
curve). Note the large drop in intensity upon immersion in pH = 7.4 buffer compared with the

relatively small drop in intensity for the pH = 3.0 solution.
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Although Figure 6.22 appears to suggest significant leaching of the indicator from the PEM
matrix at pH = 7.4, effectively no change in the external appearance is observed. The report by
Burke et al. on the uptake of azo compounds into PAH/HA multilayers also described the change

12,22

in film thickness on exposure to different pH conditions. The change in film thickness

(approximately 2x from pH = 3.0 — 7.4)*? is accompanied by a change in refractive index (np), due
to the large change in ion concentration and water content in the film.'>?* This change in np alters
the penetration depth of the evanescent wave to couple with the indicator, and reduces the effective

absorbance.

In all cases, immersion of the doped fibres in dissolved dopamine resulted in some leaching
of the indicator from the PEM, though the degree of leaching was found to be strongly dependent
on the concentration of dopamine. The external appearance of the coated fibre was consistent with
that of the coated slides after dopamine exposure, suggesting that effective coupling of the

evanescent field with the PEM will result in a clear signal upon dopamine exposure.
6.4.4.4 Dopamine Response on Fibre Optics

An example of a dopamine titration curve is shown in Figure 6.23. A fibre coated with a
(PAH/HA)10 PEM and doped with Compound 9 and rinsed in 10 mM pH = 7.4 buffer was
immersed in a stirring solution of pH = 7.4 buffer. The concentration of dopamine was gradually
increased from 0 to 20 mM dopamine at 2 minute intervals. The response was recorded as a
difference with the baseline curve, corresponding to 100% unbound indicator: the feature that can
be seen developing corresponds to a combination of indicator leaching from the PEM coating and
the dopamine-bound indicator complex. The sudden, discontinuous jumps in the curve correspond

addition of a new aliquot of dopamine (approx. 4 mM per addition).
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Figure 6.23 Optical response of a fibre optic coated with (PAH/HA )10 and doped with Compound
9 upon exposure to a solution containing increasing concentrations of dopamine. The change in
absorbance is a convolution of indicator leaching and dopamine binding, and would need further

independent proof of spectral dopamine response. Note the y-axis is inverted for clarity.

The signal is dominated by the leaching curve, which represents one of the challenges
future work in this area will have to address, but this represents the first preliminary response to
dopamine on the surface of a fibre optic. Experimental design constraints with single-fibre data
detection precluded replication of the same reference recording as for the coated slides in a UV-
visible spectrophotometer, which would have permitted similar independent de-convolution of the
2 contributions. Future work to re-design the fibre spectrometer could address this issue, or using
only covalently-bound azo dyes. Further work on reducing the size of the fibre probe to that of
neural cells, as well as determining the optimal tip geometry (reflection from the tip, potentially
with a mirror finish to enhance signal intensity; or the incorporation of a microsphere for
whispering gallery-type measurements, as discussed in Chapter 1) can build on the preliminary
results presented here, with the ultimate aim of developing a sensitive fibre probe able to measure

changes in dopamine concentration on a cellular level.
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6.5 Conclusions

Three of the indicator molecules described in Chapter 5 were successfully immobilized in
a PAH/HA PEM matrix on various surface geometries, including the core of a fibre optic. An
optical response to solution-phase dopamine was recorded for all three indicators, with a
significant change in absorption spectrum even at the biological concentration of 5 mM dopamine
for Compound 9. These results suggest these materials have the capability to measure dopamine

in biological conditions, at the concentrations found in vivo.

The uptake of the indicator molecules was also observed via evanescent wave spectroscopy
on the surface of a PEM-coated optical fibre, for which a strong signal was observed. The
evanescent wave signal was greatly reduced upon exposure of the fibre to biological pH conditions
due to the changing morphology of the film. This problem may be solved by optimizing the PEM
assembly pH and ionic strength conditions to yield a film with a more favourable morphology at
pH = 7.4, however it may ultimately necessitate covalent linkage of the indicator molecule to the
polyelectrolyte backbone, where the assembly conditions can be optimized for the final np without

regard to uptake/immobilization concerns.

This work represents a first step towards the realization of an all-optical probe for
neurotransmitter detection in vivo. Perhaps the most important problem in future research in this
area is that of scale, to eventually build a device small and sensitive enough to operate on the
micron sizescale of neurons. By pulling the tip of an already small-diameter optical fibre, using
the same equipment and protocols for pulling patch clamps for electrophysiology, tips on the order
of 1 um can easily be attained (see Chapter 1). All fibre testing in the current work has been done
in a transmission-type geometry for experimental simplicity, but probe tip optimization represents
one of the most important aspects of future research in this area. As well, the geometry of the
active sensing area is an important consideration for the eventual adaptation of this research into a
working device. Reflection from the fibre tip!® is the most convenient for implantation and to
obtain the necessary size to interface with small numbers of neural cells, and most closely
resembles the geometry of current neural implants. However, the curved geometry of
microspheres attached to the fibre surface for whispering gallery-type features may prove

interesting both for the enhanced signal to noise and their potential for encouraging cell growth.?*
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Chapter 7: Conclusions and Outlook

This thesis described the development and characterization of new azo materials for a wide

variety of applications, three of which were investigated and developed in detail.

Chapter 3 describes the behaviour of azobenzene derivatives under extremely high
pressures. It was found that the fraction of chromophores in a polymer film that could be
photoisomerized to the metastable cis form decreased from over 25% at ambient pressure to as
pressure was increased to above 1 GPa. This indicates that the decrease in free volume in the film
reduces the number of chromophores able to undergo photoisomerization from the trans to the cis
isomer, but that there is still significant isomerization occurring even at GPa pressure levels. This
has important implications in the use of the azobenzene chromophore as a muscle to power
molecular machines and devices, as it demonstrates the tremendous ability of the chromophore to
move even under extreme conditions. This is also a clear demonstration of the ability of
azobenzene chromophores to harvest photons equivalent to sunlight to perform a considerable
amount of mechanical work: thus these azo materials hold promise for solar light-transducing

materials.

The work in this chapter also has implications in the bending of crystalline azobenzene
compounds, another highly constrained system. We have shown that light is able to reversibly
deform small crystals of many different azo compounds with visible light, even under the tight
geometric constraints of the crystal lattice. Free volume (in this case, volume per non-hydrogen
atom from the crystal structure) was also shown to correlate strongly with the degree of crystal
deformation possible. Future work in this field should focus on the ability of the isomerization
process to proceed when additional constraints are placed on the chromophore. For azobenzene
to be an effective actuator, it should be able to move progressively larger loads against external
resistance. A series of pressure-isomerization experiments, like those described in Chapter 3,
attaching larger substituents to an azo chromophore and observing its ability to undergo

isomerization could prove a valuable measure of the effective ‘strength’ of the process.

In Chapter 4, an inverse opal photonic crystal coated with an azobenzene-functionalized
polymer was shown to undergo an irreversible change in wettability when irradiated with visible

light. The sharply defined wetting threshold in the inverse opal film was continuously tuned with
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both UV and visible light exposure, which photobleached the azobenzene chromophore and
increased the surface energy of the structure, allowing water to infiltrate. The change in wetting
was easy to identify due to the loss of the structural colour characteristic to inverse opals: these
qualities make this type of material potentially useful as a tamper-indicating seal, where a simple

test (immersing the structure in water) indicates exposure to light, possible only through tampering.

This work can be expanded in two ways: the first is to increase the sensitivity of the
chromophoric polymer to light, allowing smaller doses to generate a higher response, while the
second is to develop reversible switching. The photosensitivity can be increased by experimenting
with different types of chromophores (e.g. spiropyrans or nitrobenzyl ethers), which provide a
large optical response at the expense of the durability of the azo chromophore. The reversibility
concern may be addressed by further experimentation with the polarization and irradiation angle
of the incident light, as reported in other work by our group. The reversible surface energy effect
is highly dependent on the irradiation parameters, and the complex internal geometry of the IOFs

will require extensive experimentation to optimize these parameters inside the film.

The final two research chapters, 5 and 6, detail efforts to create an all-optical probe for
neurotransmitters, based on boronic acid-functionalized azobenzene derivatives. These molecules
undergo reversible binding with catechol derivatives, which form the core of several important
neurotransmitter molecules (dopamine, adrenaline, and noradrenaline). Chapter 5 describes the
synthesis of several novel azobenzene derivatives with a boronic acid moiety, and their optical
response to dopamine, as well as the potentially interfering biogenic saccharides fructose and

glucose.

Based on the results from Chapter 5, it seems that the most successful indicators
incorporate larger, more highly-conjugated systems (i.e. those with a naphthyl moiety), and have
boronic acid functionality para to the azo bond, as opposed to the ortho configuration determined
to be most effective in sensors for saccharides. Synthesizing a broader library of compounds based
on this substitution pattern may yield a more sensitive indicator, with a larger shift in absorbance

spectrum.

Chapter 6 describes the transfer of the new azo indicator molecules described in Chapter 5
to a material that can be applied realistically to the development of fibre-optic probes, capable of

optically indicating the presence of dopamine in the media surrounding the fibre via evanescent
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wave spectroscopy. Three of the best candidate indicators from Chapter 5 were doped into
biocompatible polyelectrolyte multilayers, and their response to dissolved dopamine was
measured. The optical indicator effect was demonstrated on flat substrates at biological dopamine
concentrations via transmission spectroscopy as a proof of concept, and the uptake of the indicators
into polyelectrolyte multilayers coated on the surface of an optical fibre was successfully

demonstrated via evanescent wave spectroscopy.

Future work in this field can focus on several main themes: the first is enhancing the
stability of the indicator in the PEM matrix by careful optimization of the uptake pH and ionic
strength conditions. It may prove advantageous to covalently link the indicator to the polymer
chain itself, ensuring indefinite stability: however, the current method of pH-based immobilization
allows a large number of candidate indicators to be screened without time-consuming polymer
synthesis for each candidate. A combination of the two approaches may be the most efficient,
with indicator response screened in the ionically-bound film, followed by covalent linkage of the

most successful indicators onto a polyelectrolyte chain.

The second theme is enhancing the response time, which may be accomplished by reducing
the thickness of the PEM layer and therefore the diffusion time for the analyte. Third, the optical
sensitivity of the system may be enhanced by the addition of a reference channel to smooth out
variations in the light source. This would improve the signal to noise ratio and allow more

information to be extracted from the data, improving the reliability of the probe response.

One of the largest challenges for this project is the substantial reduction in the size of the
fibre and sensing region required to be useful on the sizescale of small numbers of neurons. This
can be addressed by pulling the working end of the fibre into a sharp point, which can reduce the
effective size of the sensing region. Finally, optimization of the chemical and physical properties
of the PEM coating (primarily charge and modulus, via pH and ionic strength at assembly) to make
the optical probes compatible with neural tissue is a fundamental part of this project, which will
benefit greatly from the work done by other current and future members of our group and our

collaboration with the Montreal Neurological Institute.
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