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Abstract

In this work, two series of chemically similar dyes were synthesised and tested for their
ability to exhibit photoblinking — a phenomenon required for single molecule localisation
(SMLM) techniques such as STORM and PALM so that individual molecules can be
detected and high-resolution images can be captured. For each of the two sets of
synthesised dyes (benzodiazoles and rhodamines), heteroatoms were substituted to create

heteroaromatic rings with different electronic, and thus photophysical properties.

For the benzodiazole series of dyes a series of 4-nitrobenzodiazoles with atomic
substitution through the chalcogen group were synthesised and analysed in solution
phase, sparsely dispersed through a PVA matrix, and supported on the surface of a silica
nanoparticle via conjugation with the silane terminated primary amine APTES. All three
benzodiazole derivatives were found to be capable of photoblinking, however, it was
found that benzodiazole dyes with larger atoms in their heteroaromatic system were
favourable for single molecule detection techniques due to a reduced blink rate, with the
sulfur containing derivative being deemed most appropriate for super-resolution imaging
due to its relative ease of synthetic manipulation compared to the selenium-containing
analogue. The blinking mechanism in this case was thought to be related to redox
reactions with substances in the buffered solutions creating stable radicals via triplet

states, which are stabilised in systems containing heavier atoms.

During the synthesis of the 2,1,3-benzoselenadiazole dye, it was necessary to utilise an
aryl amination coupling reaction. Although the method was adapted due to solubility
issues from a procedure found in the literature, reactions of this type had not been
performed using the 4-nitrobenzodiazole construct, and so a substrate screen was

undertaken. Although yields were not always impressive and were very wide ranging (6



— 87%), it was found that the 2,1,3-benzochalcogenodiazole systems could all be
aminated via this method. Although useful substrates with functionalisable termini were
screened (e.g. silanes, alkenes, amino acids), yields were highest when reacting with

secondary amines.

The second series of dyes that were synthesised were a range of rhodamine dyes with
variation at position 10 of the parent xanthene structure with atoms from around the p-
block of the periodic table which were analysed in solution phase and sparsely dispersed
through a PVA matrix. Some like-for-like atomic substitution down one group of the
periodic table was explored (using silicon and germanium), and the photophysical
properties of the majority of dyes were similar. It was shown that despite the absence of
a 2-carboxy group on the pendant aryl ring, xanthene dyes are capable of reversible

photoblinking.

The dye containing an N-oxide at position 10 behaved very differently from the other
rhodamine analogues. This dye absorbed and emitted light at a drastically lower
wavelength to the other dyes in the series and was not photostable to continued laser

irradiation when in solution, but also proved to be capable of reversible photoswitching.

A method was used to assess whether dyes would be suitable for SMLM imaging by
measuring the bleaching of fluorescence intensity with continuous laser irradiation,
followed by fluorescence reactivation by repeated dissolution of oxygen into the aqueous
media by agitation. Although this method was used to successfully predict the blinking
properties of the benzodiazole series of dyes, the technique gave no indication that the
rhodamine dyes would exhibit photoblinking under SMLM conditions — a result that was
later disproved, since all five rhodamine dyes were capable of blinking. As such, this

method solution phase analysis was deemed unreliable.
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1 Introduction

Imaging is a broad term used to the describe the creation of visual representations of
objects. In a scientific context the object in question may be, for example, a body part, a
supernova many light-years away, or the interior of a cell. For centuries one of the greatest
challenges facing scientists has been to visualise those objects which are very far away
or too small to be detected by the human eye, but the practice of enlargement using lenses

is actually millennia old.

The first instances of the magnification of objects may date back to the first century when
glass was first invented and Romans investigated how curved panes could make objects

appear larger, reportedly achieving up to 2.5x magnification.*

Though the creator of the first compound microscope cannot be easily identified, the
invention is often attributed to the Dutch lens-maker Hans Janssen and his son Zacharias
during the 1590s after the discovery that placing two lenses in line with each other
amplified their effect.? Word of the device was spread in the early 17" century (ca. 1620)
and gave a magnification of nine diameters. The microscope was at first widely perceived
as a toy and was seen as no more than a novelty until Galileo used a converted telescope
to examine ‘the organs of motion and of the senses in small animals’ such as the eyes of
insects.? The earliest record of microscopic observations was published in 1625 by the
Italian prince Federico Cesi and Francesco Stelluti who investigated bees in great detail,
though all accounts of microscopy for the following 36 years were purely observational

and made no attempt at scientific explaination.®

In 1661 Italian anatomist Malpighe used microscopy to discover the circulatory nature of

blood vessels and identified alveoli in the lungs of frogs.* His use of the microscope was



the first to be considered truly scientific because it was deemed systematic and aimed to

provide an explanation for a problem that existed in science.

1.1 Fluorescence in microscopy
From this point the design of the microscope evolved into the devices recognised today

and many scientific advances were made because of it, however the limits of what could
be achieved using optics were being realised by the late 1800s in terms of the
magnification power of the lenses used and the aperture of the cone of rays being taken
up by the objective lens. Since the resolving power of microscopes could not be increased
by improving optical conditions, it was necessary to find other means with which to do
so. It was thought for many years that the maximum achievable lateral (x,y) resolution
was approximately 0.2 micrometres and that this limit was fixed by a fundamental
physical law. In 1873 Earnst Abbe described the resolution limit as a relationship between
the wavelength of light and the angular aperture of the optical system, implying the lateral
resolution limit is proportional to approximately half the wavelength of light used to

illuminate the specimen (Equation 1.1).°

Resolution (x,y) = A / 2[n.sin(0)] Equation 1.1
A = wavelength, n = refractive index, &= aperture angle

It was then realised that the resolution limit could be doubled by using light of half the
wavelength and exploiting ultra-violet light. It was postulated as early as 1874 that
microscopic images would be better differentiated and would have higher resolutions if
the microscopic subject itself were to emit light,® and in 1910 the first UV microscopes
were manufactured by the firms of Carl Zeiss and C. Reichert after developing filters that
could absorb all wavelengths above 400 nm. These microscopes illuminated a large area

of a sample (a wide field) and measured the light emitted by fluorophores. Modern



systems include a dichroic filter which allows some wavelengths of light to be transmitted

but reflects all other wavelengths (Figure 1.1).”
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Figure 1.1 — The simplified workings of a fluorescence microscope. White light is passed through
a filter (in this case blue, or alternately a coloured laser is used) before passing through a dichroic
filter and is focussed onto the sample. Fluorophores in the sample emit light (in this case green)
which is reflected by the dichroic filter towards the detector.

For a short time, this technology was only used to observe objects that give off
fluorescence naturally. In 1914 Prowazek attempted to stain non-fluorescent objects with
fluorescent materials in order to make them observable by fluorescence microscopy and
by 1917 the technique had been used to recognise and differentiate bacterial strains. It
must be admitted though that despite providing contrast, fluorescence microscopy (or

epifluorescence) cannot itself increase the resolution achievable using light microscopy.

In 1955 Marvin Minsky started working towards the invention of the confocal
microscope.® While studying the brain Minsky became increasingly frustrated at the fact
that it was only possible to visualise one neuronal cell at a time and was hence unable to
deduce the nature of how the cells within the brain were connected to form a network.
Further adding to his frustrations he found that, because the neurones are so intertwined,

staining large sections of the brain was unproductive and gave blurry images due to light



scattering. He set out to create a microscope that could confine each view to a thin plane

in a small area.

By passing the incident light through a pinhole aperture, Minsky was able to focus the
light onto small sections of the sample using point illumination (whose intensity at a point
can be defined by its point spread function, PSF). Instead of illuminating the whole
specimen at the same time and allowing all fluorescent molecules to emit simultaneously,
point illumination ensures that only a small subset of fluorophores is radiating light at a
time. To avoid scattering of the emitted light from the fluorophores a second pinhole

aperture was positioned in front of the light detector (Figure 1.2).
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Figure 1.2 — The simplified workings of a confocal microscope. White light is passed through a
filter (in this case blue, alternately a coloured laser is used) before being focussed through an
aperture. The beam is passed through a dichroic filter and focussed again onto the focal plane.
Fluorophores in the sample emit light (in this case green) which is reflected by the dichroic back
through an aperture to the detector.

To capture an image of the whole sample the point illumination is scanned across it to
capture a series of images that can be recombined (in modern systems the point
illumination is moved using mirrors or pinhole wheels as opposed to the original system
in which the sample was moved). Not only did confocal microscopy offer an

improvement in resolution (the highest lateral resolution achievable has been calculated



to be as small as 50 nm),° but the ability to focus light at a particular height within the
specimen. With the correct software it has become possible to render a 3D representation

of the sample (known as a z stack).

Armed with the knowledge that using a smaller wavelength gave images with a higher
resolution, electron microscopes (EM) were created. Instead of using light waves, these
microscopes use electron waves whose wavelengths are substantially smaller to the point
where angstrom (atomic) resolution can be attained.’® However, since wavelength is
inversely proportional to energy, specimens require specific preventative measures
including coating the sample in a conducting metal that protects the sample from high
energy electron waves and provides a means of neutralising any charge that builds up
during the imaging process. Images of live samples cannot be taken using EM which led
to the need for super-resolution optical microscopy techniques. As well as confocal
microscopy, many other efforts have been made in optical and fluorescence microscopy
to circumvent the resolution limit, leading to the emergence of several other high-

resolution microscopy techniques.

1.2 High-resolution fluorescence microscopy
Optical microscopy is favoured for imaging live samples due to its non-invasive nature,

although, when using light of lower wavelength, high energy photons can be damaging
to living specimens. This problem was partially solved by employing the phenomenon of
two-photon absorption which was first observed in CaF2:Eu?* crystals by Wolfgang
Kaiser in 1961.1* Two-photon spectroscopy is based on the concept that two photons with
twice the wavelength (thus half the energy) can be absorbed simultaneously to excite a
fluorophore that would ordinarily require high energy radiation. The technique is
sometimes preferred to confocal microscopy due to deeper tissue penetration (millimetre

scale) and reduced phototoxicity.!?



Two-photon microscopy can still be used to take sectioned images through the z-axis due
to the shape of the PSF which is long in the x-y plane (compared to single photon
excitation where the PSF is long in the z-axis for light of the same wavelength), and
focussed light is still scanned across the sample. The change in the shape of the PSF is
because the excitation density in single photon absorption is proportional to the local
intensity, whereas the density of two-photon excitation is proportional to the square of
the intensity.’® Because the PSF is shallow in z, the axial resolution is improved, and
thinner optical sections can be taken. The technique offers a similar lateral resolution to
confocal microscopy. Pinhole apertures are also unnecessary since excitation is restricted
to very small focal volumes, thus out-of-focus objects are easily rejected.** The absence
of the pinhole aperture also means that scattered photons can contribute towards image
acquisition leading to a less noisy image. Fluorophores used for two-photon microscopy

often have a donor-acceptor-donor type structure.

The primary disadvantage of this technique is that the likelihood of a fluorophore
absorbing two photons almost simultaneously is very low, thus very intense, pulsed laser
light is required. Pulsed lasers are substantially more expensive than the continuous wave
(CW) lasers used for single photon excitation. The two-photon absorption spectrum for a
given fluorophore can vary significantly from its one-photon counterpart meaning that
many fluorophores may not be suitable for use in the technique. Two-photon microscopy

finds its forte when imaging deep samples due to greater scattering (such as tissues).

Another technique which boasts superior sample sectioning in the z-axis is light sheet
fluorescence microscopy (LSFM, or single plane illumination microscopy, SPIM). These
systems offer lateral resolution on par with epifluorescence but offers z-sectioning
capabilities similar to that of confocal microscopy.®® LSFM is particularly useful for the

examination of large samples (such as small animals, e.g. zebrafish, or individual organs



within a larger animals). Only a thin slice (as thin as a few hundred nanometres) of a

sample is illuminated at a time perpendicular to the direction of observation (Figure 1.3).
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Figure 1.3 — The simplified workings of a light sheet microscope drawn from above. White light
is passed through a filter (in this case blue, alternately a coloured laser is used) before being
focussed into a thin sheet of light. A labelled sample is moved back and forth through the light
sheet and emitted light (in this case green) is collected perpendicular to the light sheet.

Since only the section currently being observed is illuminated LSFM can go some way to
reducing the photostress induced on living samples. This also means that there are fewer
noisy background signals leading to images with higher contrast compared to confocal
microscopy. Additionally, since focussed light does not have to be scanned over the entire
specimen, images can be acquired up to 1000 times quicker than point-scanning methods.
LSFM has recently been used in conjunction with two-photon microscopy in order to
reduce further the levels of photoinduced stress on brain samples.®” LSFM has been
employed in combination with many other techniques including the super-resolution

technique known as simulated emission depletion (STED).

1.3 Super-resolution fluorescence microscopy

The term super-resolution has been used in microscopy to describe techniques that can
achieve spatial resolution that is not limited by the diffraction of light.® Where the
imaging systems described above are limited by the size of the PSF (two points closer

than the full width at half maximum (FWHM) of the PSF are unresolvable because their



images have substantial overlap), the following methods are limited by the instruments

or fluorophores used.

Though still reliant on the size of the PSF, stimulated emission depletion uses a secondary
PSF to selectively deactivate fluorophores in order to minimise the area of illumination
at the focal point and enhance the achievable resolution.!® The deactivation of
fluorescence occurs as a result of the non-linear response of fluorophores after irradiation
with light of different wavelengths. STED beams interrupt normal fluorescence by
forcing excited states to relax into a high vibrational level of the ground state resulting in
the release of a lower energy, longer wavelength photon. Since these photons have
different characteristics to those of the photons released by normal fluorescence they can

be filtered and ignored.

Standard Depletion Effective
PSF PSF PSF

Figure 1.4 — The standard PSF of an excitation spot is reduced in size by a donut shaped PSF of
a depletion STED beam to give a smaller effective excitation PSF.

The focal area can be engineered by altering the properties of the PSF of the STED beam.
The most common shapes for these point spread functions are two-dimensional donuts
generated by circular polarisation of the depletion laser combined with a helical phase
ramp (Figure 1.4).2° The resultant effective PSF typically has a diameter of approximately
50 nm, though lateral resolutions as high as 2.4 nm have been reported with the ability to

localise emitting fluorophores with sub-angstrom accuracy.?



The main limitations of STED are the complex instrumentation required to create the
depletion beam and the photophysical requirements of dyes for use in STED (which must
be able to exhibit stimulated emission non-linearly and be photostable under the high
laser powers). As yet there appear to be no common structural features to the dyes chosen
for STED microscopy and, as with many super-resolution techniques, dyes that are fit for
purpose appear to have been randomly cherry picked via trial and error. In terms of the
photophysical properties, good STED dyes are characterised by high quantum vyields,
emission spectra that overlap with the STED wavelength, high photostability, long
fluorescence lifetimes (of at least 0.8 ns), and a low cross-section for multiphoton
absorption or for absorption by the excited states.?? A search of the current literature gives

no results on how to tune dyes for stimulated emission depletion microscopy.

As mentioned previously, STED microscopy has been combined with light sheet
microscopy to give STED-SPIM. The combined technique, which was first described in
2011 by Harms and co-workers, initially allowed for an improvement of the axial
resolution of up to 60%, lateral resolution improvements of up to 40% (both with respect
to the resolutions achievable using epifluorescence), and an imaging depth of over 100
um.2 A STED depletion beam makes the original light sheet thinner by sandwiching it

with the higher energy radiation.

The resolutions achievable using STED are governed by the size of the ‘hole’ in the
middle of the STED depletion PSF, which in turn is controlled by the intensity of the light
being used.?* A high laser power will decrease the size of the ‘hole’ but may induce

damage to the sample.

Another technique unaffected by the diffraction limit is near-field scanning optical
microscopy (NSOM). When light leaves an aperture there is a distance much smaller than

the wavelength of light used in which light does not diffract (Figure 1.5). Placing a sample
9



in the near-field means the diffraction of light no longer limits the resolution of the image
obtained, but only the dimensions of the aperture.?® Typically, the length of the near-field
as measured from the end of the aperture is less than fifty times smaller than the
wavelength of the light used. Images are obtained by scanning the aperture closely over

the surface of a specimen.

Originally used to acquire images of lithographically etched surfaces with spatial
resolutions as small as 12 nm (using light with a wavelength of 514 nm),?® the technique
was intended for use in solid-state physics for mask inspection and repair of
nanolithographically patterned structures. Though it was suggested that NSOM could be
used to study living cells in their native environments, it is difficult to conduct in a non-
invasive manner due to the fact that the aperture itself must scan over the sample surface
which may accidentally scrape the sample, as opposed to previously discussed scanning
microscopy methods which scan light beams.?” Imaging beyond the surface of live
specimens is also not possible using NSOM, thus the development of other wide-field

techniques was prioritised.

Aperture

Near-field
<< A

Figure 1.5 — The small distance after light leaves an aperture in which light does not diffract is
known as the near-field and has a distance much smaller than the wavelength used.

1.4 Single molecule detection and localisation microscopy
Where the above discussed methods can be described as being ensemble fluorescence

techniques that detect multiple fluorophores in small areas, single molecule localisation

10



involves the detection of individual fluorophores in a wide area and has helped further
push the limits of resolution beyond Abbe’s limit. Tracking of individual molecules was
first reported in 1976 by Hirschfeld who observed single antibodies tagged with FITC
(fluorescein isothiocyanate) using an epifluorescent microscope.?® By tagging FITC to a
polymer (polyethyleneimine) it became possible to label and track the single molecules

of the antibody y-globulin.

In 1989 single molecules were detected in condensed phases (solids) at liquid helium
temperatures by Moerner et al.?° The absorption spectra of single molecules of pentacene
were detected in host crystals of p-terphenyl. Four years later NSOM was used to detect
single carbocyanine dye molecules sparsely dispersed throughout a thin film of
polymethylmethacrylate by Betzig and coworkers.® This method allowed for the pinpoint
localisation with an accuracy 50 times smaller than the wavelength used, and the
measurement of five of the six degrees of freedom for each molecule which in turn

enabled the exact determination of molecular orientation.

Up to this point detecting individual molecules required them to be thinly dispersed in a
medium at a distance that surpassed the diffraction limit. This all changed when, in 1997,
Moerner reported the first observation of on/off fluorescence switching (photoblinking)
of single molecules of green fluorescent protein (GFP) suspended in aerated aqueous
polymer gels at room temperature.®® It was reported that each molecule produced several
seconds of fluorescence then several seconds without emission, followed by resumption
of emission and repeating the cycle over the course of many minutes. This study not only
reported the first instance of blinking by fluorescent molecules, but also demonstrated
that once GFP had gone into a long-lasting dark state its fluorescence activity could be
reactivated by illumination with a shorter wavelength laser correlating to a weaker

absorption band (photoswitching).

11



After discovering more fluorophores that were capable of photoswitching and
photoblinking, many researchers attempted to exploit the phenomenon in order to
overcome the diffraction limit. In 2006, three journal articles detailing methods that could
stochastically and sequentially record photoblinking fluorophores in order to determine
their precise locations and reconstruct a high resolution image were published. The three
methods were named photoactivated localisation microscopy (PALM),% fluorescence
photoactivated localisation microscopy (FPALM),* and stochastic optical reconstruction
microscopy (STORM).3* These methods could record images with lateral resolutions
down to 2 nm in fixed samples,® and have since been used to track the expression and

movement of proteins and other substrates in live cells.®

Image observed
STORM: using STORM

+ VA s

Blinking and data acquisition Localisation +
reconstruction

Figure 1.6 — A cartoon showing how STORM works. Single molecules exhibit photoblinking and
are captured in a series of frames. Frames are analysed by a program that reconstructs blinks to
give a high-resolution image. Butterfly outline found: https://g0o.gl/SzXAVT (accessed 02/2017).

Though each method varies slightly from the other, all three rely on an activation laser
applied at a low power to trigger photoswitching. The low laser power ensures that only
a subset of fluorophores become fluorescent and each fluorophore in the sample exists in
either a fluorescent ‘on’ state, or a non-emissive ‘off> state.>® Photoswitching is recorded
over time (using pulsed lasers or FRET pairs) and in each frame individual molecules are

pinpointed and localised based on the assumption that the intensity profile of the PSF for

12



each molecule fits to a Gaussian bell curve.®* A final image is then reconstructed by
plotting each molecule relative to each other in space (Figure 1.6). The primary difference
between the three methods at the time of their publication was the nature of the
fluorophore and microscope used in each case. PALM and FPALM used photoswitchable
fluorescent proteins, STORM used photoswitchable organic dyes; and PALM and
STORM images were taken on a total internal reflection fluorescence microscope (TIRF

microscope) whereas FPALM images were captured using a confocal microscope.

The fundamental principle of the three methods is that the fluorescent ‘on-state’ of each
fluorophore must lead to the consecutive emission of sufficient photons to enable
visualisation and precise localisation before it enters its non-emissive ‘off-state’ or
becomes deactivated by photobleaching. Conversely, however, the molecule must also
not continue emitting for such a long time that its fluorescence interferes with the
emission of surrounding molecules as they enter their fluorescent state.” If these
conditions are met for a given fluorophore, the probability of one blinking molecule being
close (closer than Abbe’s diffraction limit) to another simultaneously blinking molecule
is low and it is possible to identify individual molecules in each frame. As such, the three
techniques can be grouped together as single molecule localisation microscopy (SMLM)

techniques.

As SMLM technigues have evolved they have been used to study biological systems in
much greater detail. Methodologies that allow for the use of optically orthogonal
fluorophores that absorb and emit at different wavelengths have been used to uncover the
previously obscured details of morphological dynamics of mitochondrial fusion and
fission as well as endoplasmic reticulum (ER) remodelling. Time-lapse STORM images
revealed thin extended tubular structures connecting neighbouring mitochondria both

prior to fusion and after fission.*® The tubes were speculated to be necessary for bringing

13



mitochondria into close proximity before fusion and pushing the organelles away from
one another after fission. Studies indicate that the tubes are ER tubules composed of a
dynamin-family protein without which mitochondrial division is impossible, and whose

use was unknown prior to the observation of the tubes.

Collaborators in Sheffield are currently working towards the elucidation of the cell wall
elongation mode in bacteria using STORM. Foster and co-workers used the technique to
closely inspect the cell walls of Gram-negative bacteria E. coli and C. crescentus by
specifically labelling the peptidoglycan network of the cell wall and discovered that in
these cells new peptidoglycan material is inserted at distinct foci along the cylindrical
portion of the cell, contrary to previous reports that suggested elongation machinery
moves about the cell in a cylindrical manner.®® Focus has now shifted to Gram-positive

bacteria and the latest results show novel features in cell wall architecture during division.

Moerner et al. used SMLM to track single proteins during bacterial division.*® The rate
of DNA base excision repair rate was measured by tracking DNA polymerase | and DNA
ligase in live E. coli cells, finding that on average it took two seconds for the pair of

enzymes to carry out repair operations.

1.5 STORM
Though STORM has been used since its conception to make advancements in the

microbiological sciences there are still many unanswered questions surrounding the
technique regarding all aspects from the best way to collect data to fluorophore selection.
Although the requirements stated for fluorophore suitability seem trivial (fluorescent
phase long enough to collect sufficient photons but not so long that neighbouring
molecules will be simultaneously fluorescent) it can be difficult to select molecules with
the desired qualities. Indeed, the best fluorophores were cherry-picked from a suite of
existing commercially available dyes, or their favourable properties were discovered by
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accident. It is still difficult to predict whether a dye will present such properties, and as
such a range of variations of STORM have been developed. The hardware used for
capturing images has remained roughly unchanged, with most researchers opting to use
DIY systems or repurposing old microscopes instead of purchasing expensive
commercial systems. A researcher in the Cadby group uses a children’s play microscope
to acquire their images, proving that with proper software and labelling equipment

STORM is a highly accessible technique.

Problems arise when neighbouring fluorophores (closer than the diffraction limit) exist in
their ‘on’ state simultaneously as it then becomes impossible to distinguish between their
PSFs, lowering the localisation precision. The result is a misleading average position
between the two (Figure 1.7).*! In the absence of “perfect’ fluorophores it has become
necessary to develop methods that allow for a compromise between high density labelling
(increased likelihood of overlapping PSFs) and long acquisition periods (may damage
specimen or experience sample drift) to give the best resolution. As well as this, it has
been essential to develop software capable of distinguishing between signal and noise,
that are also capable of correcting for drift in the position of the sample over time and

many approaches have been taken in order to do so.

A » X X

Reconstruction

B > X

200 nm

Figure 1.7 — Cartoon illustrating the importance of fluorescence duration. A) Neighbouring
molecules exhibit fluorescence at separate times and can be resolved by software as two distinct
diffraction limited points. B) Neighbouring molecules exhibit fluorescence simultaneously. They
cannot be resolved and software reconstructs them as one molecule.
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1.5.1 dSTORM and data analysis
The first major advancement in SMLM imaging techniques came in 2008 when, again,

three independently published journal articles gave details of reversible photobleaching
microscopy (RPM),*2 ground state depletion microscopy followed by individual molecule
return (GSDIM),*® and direct STORM (dSTORM - the now generally accepted name for
the three analogous methods, however, developments in PALM, STORM and dSTORM

have led to the three terms being used interchangeably in recent years).*

Where STORM and PALM at first relied on ‘manually’ photoswitchable dyes (e.g. the
cy3-cy5 FRET pair that required pulsed lasers at two wavelengths) and fluorescent
proteins, dSTORM exploits the phenomenon of photoblinking. Appropriate dye
molecules are subjected to high intensity laser light which forces the majority of the dye
molecules into their non-fluorescent ‘dark’ state (e.g. a semi-stable triplet state). At this
point individual molecules stochastically return to the ground state (e.g. via molecular
vibration) and are able to fluoresce for a short time before returning to the ‘dark’ state.
The advantages over the other methods of the time were that fluorophore choice became
much less limited as many commercial fluorophores were capable of photoblinking with
high-power laser irradiation, and images could be taken in standard aqueous or glycerol-
based buffers as opposed to the special immersion or embedding buffers used for PALM

and STORM, opening the door to the possibilities of live-cell imaging.

To enhance the photoblinking ability different combinations of additives were used when
imaging. To stabilise the ‘dark’ state, it was necessary to remove molecular oxygen from
buffered solutions. Though this could be achieved by bubbling oxygen-free gases through
solutions, enzymatic consumption was preferred and a cocktail of glucose oxidase and
catalase with B-D-glucose as a substrate (GLOX buffer) has become the most commonly

used.* This absence of oxygen increased the stability of triplet states leading to very short
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photoblinking events and prolonged dark states, thus triplet quenchers and reducing
agents were added to lengthen the ‘on’ state. Thiols such as B-mercaptoethylamine

(MEA) are frequently used as the reductant.*®

With imaging conditions established, researchers set out to write algorithms to analyse
their data. Many teams across the globe attempted to write code that could avoid
sacrificing precision, fluorophore density in the sample, or imaging and reconstruction
speed. Many software packages emerged, including Auto-Bayes which uses Bayesian
statistics to accurately discriminate between signal and noise resulting in vastly more
accurate images,*” and QuickPALM which localises particles based on the centre of mass
of a point spread function and revolutionised the field by reducing image reconstruction
time from hours or days to almost real-time (though this came with a small reduction in

resolution).*®

With a plethora of software to choose from it became confusing for researchers to choose
the appropriate data analysis tools, so in 2015 a comprehensive comparative review was
published testing each algorithm by using it to reconstruct ‘synthetic data’ and scoring
each package in various categories including accuracy, precision, time taken and signal
to noise ratio (SNR).*® The software that performed the best overall was
ThunderSTORM,® a plugin for the popular open-access image analysis programme
Imagel/Fiji.>*%? Users of ThunderSTORM are able to customise the programme in
multiple categories such as the way in which signal is filtered from noise, and how
Gaussian curves are fit to acquired data until the best results are achieved. The developers
also included a ‘preview’ function so that whole image stacks did not have to be
reconstructed before modifying the settings. As such, ThunderSTORM has become one
of the most popular and commonly used analysis packages and will be used throughout

this work for data analysis.
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1.5.2 3D STORM

Though lateral resolutions had been improved to beat the diffraction limit tenfold,
improvements in axial resolution were lacking, and SMLM images could only be
reconstructed in two dimensions for the two years after the development of the technique.
In 2008 SMLM imaging was combined with optical astigmatism to produce the first
super-resolution image to be reconstructed in three dimensions.>® This allowed axial
resolutions of up to 50 nm compared to confocal or light-sheet microscopy whose
diffraction limited axial resolutions are generally between 500-800 nm owing to the

shapes of the PSFs used, again derived by Abbe.®

Resolution (z) = 2A / [n.sin(8)]? Equation 1.2
A = wavelength, n = refractive index, 8= aperture angle

Optical astigmatism arises from the introduction of a cylindrical lens that creates separate
paths for the x and y components of the PSF. As such, the PSF appears circular when in
the plane of focus but is elliptical when above or below this axial position (Figure 1.8).
As such, analysis programmes can then interpret the shape of the PSF and the degree of

distortion to reconstruct the image by localising points in all three dimensions.

\|, Image plane

A B C

Figure 1.8 — Representations of how a point spread function may look A) below, B) in, or C) above
the focal plane with the use of optical astigmatism.

Other attempts have been made in order to improve the axial resolution in SMLM

techniques, however the value of 50 nm was not beaten for several years until astigmatism
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was combined with a dual-objective system by Xu and co-workers.>* In this system the
light emitted from above and below the sample was collected, recording lateral
resolutions of 10 nm and axial resolutions of 20 nm. This improvement was accompanied

by increased photon collection and reduced noise.

Double helix point spread functions (DH-PSF) are an alternative to astigmatism in
improving the axial resolution and reportedly gave axial resolutions of between 10 — 20
nm.>® This method involves a spatial light modulator that reshapes the PSF of emitted
light to give it two lobes (Figure 1.9). While resolution is on par with astigmatism the z-

range is doubled to approximately 2 um so its use is advantageous with taller structures.

z-position relative

3D representation Appearance of PSF to focal plane (nm)
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Figure 1.9 — A cartoon representation of a double helix PSF and how it would look under the
microscope at various planes within the sample.

1.5.3 Commonly used fluorophores
As previously mentioned, the properties possessed by dyes that can be used in STORM

are specific and restrictive. As such, only a select few dyes can be used for SMLM

imaging. While the technique was in its infancy, dyes were picked at random from the
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pool of commercially available fluorophores, and while this gave good results in some
cases, if the dye was not appropriate, the results often went unpublished leading to the
potential for these errors to be replicated. In order to abate this issue, articles in recent
years have contained detailed studies of the photophysical properties of many dyes
including which fluorophores are best and, arguably more importantly, worst suited for
SMLM.®857 These studies primarily focus on commercially available dyes from the Alexa
Fluor or Atto brand lines since they are well known and span the whole visible spectrum.
These fluorescent probes generally take the form of a coumarin, rhodamine or cyanine
structure (Figure 1.10), emitting at the lower, middle, or upper section of the visible

spectrum respectively.

In the original STORM paper, two cyanine dyes were used in conjunction with each
other.3* Cyanines 3 and 5 (Cy 3 and 5, named for the number of carbon atoms in the
polymethine chain connecting the two heteroaromatic systems, Figure 1.10C, n = 1 and
2, respectively) were used for a long time as a photoswitching pair by utilising light of
different wavelengths. Red light can be used to transfer Cy 5 to its dark ‘off” state before
green light is used to reliably bring the molecule back to its fluorescent ‘on’ state, but

only when in close proximity to a Cy 3 molecule via a FRET-like mechanism.%®

Figure 1.10 — General structures of dyes commonly used in SMLM. R denotes a position suitable
for functionalisation/tethering, R’ denotes positions suitable for dye modification. A) Coumarin,
B) Rhodamine, C) Cyanine, wheren = 1, 2, 3 for Cy 3, 5 and 7, respectively.
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To date, Cy 5 and its derivatives (e.g. Alexa Fluor 647 which has the same base structure
as Cy 5 with solubilising sulfonate moieties bound to the aromatic rings) have been one
of, if not the best dye for capturing SMLM images, possessing superior qualities such as

ahigh quantum yield, photostability, and ease of inducing photoswitching or blinking.>%

As well as the classes of small-molecule dyes previously mentioned, many SMLM
images are taken using fluorescent proteins (FPs). FPs have long been used for
epifluorescent imaging since, similarly to molecular dyes, they can be conjugated via
antibodies for specific targets and, unlike molecular dyes, are natural structures so either
cellular uptake is facilitated by membrane proteins or they can be made by the cell in situ
by the introduction of an appropriate plasmid.® Fluorescent proteins have been
discovered or modified to give access to emissions wavelengths across the visible
spectrum, and cellular tolerance makes the use of FPs more amenable for real-time
imaging and organelle tracking. The disadvantage of FPs when capturing SMLM images
are their size. Fluorescent proteins are typically approximately 4 nm across and are linked
to the protein of interest via antibody conjugation, which is usually up to 5 nm in length.
As such, the imaged structure can be erroneous by the vector sum of these values in any

direction which can give errors in dimensionality studies.5%3

1.5.4 Theories on the blinking mechanism
Many theories have been proposed as to how photoblinking occurs, and these can vary

depending on the class of fluorophore being used. In general, theories tend to focus on
electronic rather than chemical transitions, though since Cy 5 is the most successful dye
used in super-resolution microscopy, many more theories have been developed about its

photoswitching mechanism.

For many years it was believed that the ‘dark state’ was an electronic effect arising from

intersystem crossing (ISC) to a stable or semi-stable triplet state, and this state was
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examined in Cy 5 by Dempster et al. as far back as 1971.3® This supposed triplet state
became vastly more stable in the presence of iodide due to heavy atom induced spin
coupling. The authors did, however, discover another dark state for pentamethine cyanine
that was recognised to be a trans-cis isomerisation whose rate of transition was

significantly hindered by increased solvent viscosity.

The proposed triplet state of Cy 5 could be accessed via irradiation with red light, and the
rate of this transition was not impeded by solvent viscosity.>® The lifetime of this triplet
state has been reported to be in the order of hours in the absence of known triplet
quenchers such as oxygen. This mystified researchers, since the average triplet state
lifetime was in the order of hundreds of milliseconds, and gave rise to the theory that
perhaps another more stable non-emissive electronic state exists that can be reached via

ISC to a triplet state (Figure 1.11).

ON states OFF states
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Figure 1.11 — A simplified Jablonski diagram showing possible electronic transitions in STORM-
active fluorophores. For simplicity vibrational states are omitted. Approximate relaxation
timescales denoted in blue italic text. Adapted from Nahidiazar et al.**

From the ground state (So), fluorophores can be excited via absorption of light (Aex) to the
excited singlet state (Si1). From there the electron relaxes to the ground state via

fluorescence (Aem) Or undergoes ISC to a triplet state (T1). The electron then either relaxes
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to So or to another dark state (D). Direct transition from excited singlet states to non-

triplet dark states has been reported for some dye molecules under REDOX conditions.®

While the ease of transition to, and stability of the electronic dark state appears to be
intrinsic to specific molecules, it was found that minor chemical alterations to dye
structure can tailor these properties in cyanine dyes.%®®” By increasing the barrier to
rotation for trans-cis isomerisation by adding, e.g. long alkyl chains to the N-alkyl
substituent (R, Figure 1.10C, p20) or pendant groups such as halogens to the meso-carbon
(the carbon atom in the middle of the polymethine chain in the symmetrical molecule) the
lifetime of the dark state was modified. Another proposed mechanism for the blinking
mechanism in cyanine dyes is the reversible chemical binding of thiols in the SMLM
buffer solution (e.g. MEA) to the alkenes in the polymethine chain in a reversible thiol-
ene reaction.®® The formation of the carbon-sulfur bond breaks the conjugation in the dye

molecule and fluorescence of the reduced species is quenched.

In separate studies using rhodamine dyes, another type of dark state was observed to be a
radical-ion, confirmed using electron spin resonance (ESR).®® A light-induced signal
appeared in the ESR spectrum at the resonant field of a free electron, facilitated by the

reductants or thiols used in SMLM buffers.

Since SMLM techniques were introduced they have become increasingly popular and
even resulted in a Nobel Prize for those who contributed to its development. As such it
has become important to determine which qualities a dye must possess in order for it to
exhibit photoblinking on a useful timescale for SMLM imaging. Furthermore, it would
be useful to probe the photophysical properties of dyes in order to determine why some
dyes are able to blink and some are not such that bespoke dye molecules could be
rationally designed for SMLM, rather than cherry-picking from commercially available

dyes as many do today.
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1.6 Dye modification

Chemical modification of dyes in order to tune their photophysical properties has been
practiced for a number of years using a variety of different classes of dyes. Atomic
substitution was examined recently with a series of group 14 rhodamine dyes to introduce
a greater range of dyes able to absorb and emit light in the near-infrared region of the
visible spectrum — particularly useful wavelengths for avoiding cellular damage when
imaging living specimens.’® By substituting the oxygen at position 10 of the pyronine
moiety (Figure 1.10B, p20) with silicon, germanium, or tin the absorption maximum was

increased from 549 nm to over 620 nm.

In general, the substitution of heteroatoms in dye molecules gives similar trends in the
changes observed in photophysical properties. There is a bathochromic (red) shift in the
absorption and emission wavelengths when heavier atoms are incorporated due to a
decreased HOMO-LUMO energy gap.”* This decrease in energy difference is a reflection
of oxidation potentials becoming more negative and reduction potentials becoming more
positive. This is usually also accompanied by a decrease in molar extinction coefficient
(e), quantum yield (¢), and solubility.”"® In a study investigating atomic substitution in
D-luciferin, these effects were attributed to the polar effect with heavier, less
electronegative atoms less able to polarise the aromatic system and having an effect on

the aromaticity of the heteroaromatic system.”

The effects of the inclusion of heavier atoms on the aromaticity in heteroaromatic
compounds was documented in a study by Bird in 1992.7® Substitution of oxygen for
sulfur or selenium into 2,1,3-chalcogenodiazoles (Figure 1.12) has been shown both
theoretically and experimentally to increase the degree of aromaticity.”®"® Bird uses his
unified aromaticity index (l1a) to assign well-defined rankings of aromaticity and estimate

the resonance energy of heteroaromatic compounds (stability afforded to compounds as
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a result of aromatic stabilisation). The sulfur containing compound is be almost twice as
aromatic than the oxygen and selenium containing counterparts on Bird’s scale, which
takes into account the heats of formation, bond lengths and chemical shift in the *H NMR
spectrum. This is rationalised by the fact that, although sulfur has larger orbitals that can
give a good overlap with the other atoms in the aromatic cycle, it is much less
electronegative than oxygen, so electrons are more freely able to be delocalised around
the system. This effect is negated in 2,1,3-selenadiazole since its much larger atomic
radius means that its orbitals are now too large to give sufficient overlap with the
neighbouring nitrogen atoms, making the aromaticity of the selenium containing
molecule on par with the oxygenated derivative (Ia = 53, 104, 58 for X = O, S, Se,

respectively).”

X
N
\/

Figure 1.12 — The general structure of the benzodiazoles analysed in Bird’s study. X = O, S, Se.

In the aforementioned study on cyanine 5, it was found that the most profound effect of
adding long N-alkyl chains or meso-halogenation was on a quality known as modulation
depth — a measure of how efficiently a dark state can be populated and depopulated. In
the case of Cy 5, dyes with high modulation depth quickly feed into long-lived dark states
which can rapidly be depopulated by a second laser.®” Modulation depth increased with
longer N-alkyl chains and decreased with the increasing atomic mass of the halogen used
with meso-halogenation. Longer alkyl chains appeared to slow trans-cis isomerism
decreasing the rate at which the molecules switched between the light and dark states,
whereas larger halogens seemed to shorten “on” and “off” lifetimes. The introduction of

the meso-halogen in the dye may have affected the balance of s- and p-orbital character
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in the molecular orbital. Reducing the efficiency of p-orbital overlap would make the

ground state less stable.

This then begs the question of what else could be done to modify the ratio of s- and p-
orbital character of the aromatic system of cyanine dyes. To date, this is an area in which
little exploration has been done. Harriman and co-workers have investigated the effects
of torsion in bimetallic molecular wire systems,® and it was found that the rate at which
a triplet state was transferred was hindered by using linkers to hold ligands at increasing
dihedral angles to each other. An 80-fold decrease in the rate of electron transfer between
ligands was recorded as the dihedral angle between the ligands was increased from 0°to
90°. These findings suggest that in cyanine dyes, adding torsion and increasing the
dihedral angle between the two heteroaromatic moieties may affect the degree of

conjugation and have an effect on the photophysical properties.

1.7 Project background
The existing literature on atomic substitution prompted work within the Jones group in

which two dye molecules with valence isoelectronic substitutions (i.e. using elements in
the same group of the periodic table) exhibited different properties under STORM
conditions. The unpublished work compared two nitrobenzochalcogenadiazole dyes as
contrast agents when imaging the cell wall in dividing S. aureus cells using
epifluorescence microscopy, where 4-nitrobenzoxadiazole-D-alanine conjugate (NADA)
contained an oxygen at position 2 of the heteroaromatic ring, and 4-
nitrobenzothiadiazole-D-alanine conjugate (SADA) contained a sulfur atom in the same
position (Figure 1.13). Images of the labelled cells were taken using a self-built STORM
microscope with SMLM buffers and a dramatic difference in dye properties was
observed. When using the oxygen containing NADA fluorescence occurred as expected,

however when using the sulfur containing SADA, photoblinking was observed.
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Figure 1.13 — The structure of 4-nitrobenzochalcogenadizole-D-alanine conjugates. X = O, S for
NADA, SADA, respectively.

This difference in behaviour led to the prediction that increasing the size of the
heteroatom in the nitrobenzochalcogenadiazole system would lead to increased blinking
activity due to the changes in the degree of aromaticity. Unfortunately, when a control
sample of unlabelled cells was examined, the unlabelled cells also exhibited
photoblinking at the observed wavelength due to cellular autofluorescence (fluorescence
of cellular components). As such, an alternate means of studying the dyes under SMLM

conditions was required.

1.8 Aims
The overall aim of this project is to synthesise and analyse a series of small organic

fluorophores and assess the qualities that make them SMLM-compatible (or SMLM-
incompatible as the case may be). It is hoped that probing these qualities will, in the

future, enable the bespoke design of dyes for SMLM with favourable properties.

Dyes will be analysed in solution, but to exhibit photoblinking a dye must be mounted
onto a solid (e.g. a cellular structure). Due to cellular autofluorescence in S. aureus at the
wavelength at which the benzodiazole dyes absorb, in order to investigate this set of dyes
it is necessary to find an alternative solid support and avoid using biological structures
such as cell walls. Studying dyes in the absence of biological systems also ensures that

the observed properties are solely a result of dye modification and negates any effect from
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the influence of the complex environment within a cell or other organism. As yet, there

is no literature precedent for imaging non-biological structures using SMLM techniques.

The method of dye modification that will be examined is atomic substitution. Atomic
substitution will be examined in a series of nitrobenzochalcogenozole dyes, adding a
selenium containing derivative to see whether or not any trends exists in the series. The
synthesis and analysis of various rhodamine dyes will also be undertaken to compare the

effect of including different heteroatoms has in the context of SMLM imaging.

In order to ligate the dye molecules to a surface, a suitable material must be chosen. The
most common material for surface modification is gold, but since gold nanoparticles have
their own spectral properties their use may lead to complications in taking
measurements.®-82 As well as this, the thiols used in SMLM buffers could displace any
dyes ligated to the gold surface. The next most convenient material for chemical ligation
would be silica based (e.g. glass slides or silica nanoparticles) since they have no optical
absorption or emission properties.® Since silica nanoparticles can be made spherical, they
are an obvious choice in their ability to mimic S. aureus cells. They are also easy to

synthesise and functionalise with appropriately ligated molecules.

Covalent attachment to silica surfaces is well established and exploits the chemical
stability of oxygen-silica single bonds.?4%% (3-Aminopropane)triethoxy silane (APTES)
is commonly used as a linker due to its dual functionality. The primary amine terminus
has useful reactive properties and can be used in a range of reactions to add dye molecules.
Other reports in the literature have analysed dye molecules suspended in polymer
matrices in order to study blink rate and frequency in the absence of biological systems.
It would be prudent to replicate these experiments on the dyes synthesised over the course
of this project. This method also allows for the analysis of some molecules without having

to add a tether for functionalisation, easing the degree of synthesis required.
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2 Benzochalcogenadiazole synthesis and analysis

In this work a series of benzochalcogenazole dyes were synthesised incorporating the
group 16 elements oxygen, sulfur and selenium before immobilisation onto silica
nanoparticles in order to characterise them and assess their suitability for use in SMLM
imaging. The change in aromaticity due to the incorporation of larger atoms was thought
to have an effect on the measured photophysical properties. The structure of the selected
dyes ensures that any difference in properties is solely as a result of atomic substitution,

and negates any flexibility in the molecule that may disturb aromaticity in another way.

2.1 Benzochalcogenadiazoles in the literature

The NBD (4-nitrobenzoxadiazole, Figure 2.1) dye moiety was initially selected as a target
in the Jones group due to its small molecular mass, large Stokes shift, and ease of
functionalisation. Binding specificity for biological targets can be added via SnAr
reaction of a nucleophile such as an amine with the corresponding commercially available

NBD-halide (NBD-CI is the cheapest and most common halo-derivative of the dye).

NO,

Figure 2.1 — The general structure of the 4-nitrobenzochalcogenazole moiety. X = O, S, Se for
NBD, NPT and NPSe respectively. R denotes a convenient position for functionalisation.

NBD has proven itself to be a versatile dye and has been used in many live-cell studies
to image cellular constructs and to monitor uptake of certain substances by cells.8~° The
dye has also been used in fluorescence studies and as a sensor for many metals and other

functional groups in non-biological settings.%*-%
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The sulfur containing analogue 4-nitropiazthiol (NPT, Figure 2.1) has been used to a
much lesser extent as a biological probe but has found application in non-linear optics,®
shows fungicidal, herbicidal and insecticidal activity and acts as a mild vasodilator,®® and
inhibits the P. falciparum thioredoxin reductase enzyme found in the species of bacteria
that causes one of the deadliest strains of malaria.®” It has also been shown that NPT can
be metabolised and reduced to the corresponding 4-aminopiazthiol in some biological

systems such as E. coli and rat livers.%®

Both NBD and NPT, and the selenium containing derivative 4-nitropiazselenol (NPSe,
Figure 2.1) have been patented for use as herbicides and hair colourants.®*% Aside from
these applications, little work has been done in the study of NPSe derivatives.
Publications in which the moiety has been included primarily focus on their synthesis and
functionalisation for use as mutagens and fungicides, though these have been proven to

be ineffective.101-103

The tellurium containing derivative has been studied to a small extent in a number of
experimental and theoretical analyses including the formation of dimers and other non-
covalent chains formed via the interactions between the tellurium and nitrogen atoms
caused by chalcogen bonding.1** The potential toxicity of such compounds and the risks
associated with using tellurium precludes further investigations though, and tellurium

derivatives were omitted from this work as a result.

2.2 Dye synthesis

As mentioned above, the simplest method for functionalisation in the NBD series is to
perform an SnAr reaction using a nucleophile to displace the halogen of the p-halo-nitro
arene. Given that the chlorine derivative was the cheapest halo-derivative, NBD-CI (1)

was selected as the starting material. Since the dyes would be ligated to silica
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nanoparticles, the bifunctional linker APTES (2) was selected for functionalisation. The
reaction of NBD-CI (1) with APTES (2) to give the silane derivatized NBD-APTES (3)

was trivial and was precedented in the literature (Scheme 2.1).%!

N02 NOZ
/N\ i /N\
0 HNT Si(0EY, e
48% N
Cl HN._~_Si(OEt)s

1 2 3

Scheme 2.1 — Synthesis of NBD-APTES (3). i) EtOH, dark, 0 C— RT, 24 h, 48%.

Since there is no commercial source for an NPT-halogen derivative, steps were taken to
synthesise one. Though precedented in the literature, tandem bromination/nitration of
benzothiazole (4, Scheme 2.2) was unsuccessful.’%® The target compound NPT-Br (5) was
only observed in extremely small quantities in the crude reaction mixture. The primary
product was the dibrominated product (6, Scheme 2.2), which was proposed as an
intermediate in the literature source. Increasing reaction time to 72 hours and performing
the reaction at a variety of temperatures did not yield the desired product (5). There may,
however, have been inaccuracies in the published data since the authors were unable to

utilise techniques such as NMR or mass spectrometry at the time of publication.

A more recent publication reports the synthesis of NPT-Br (5) by heating
dibromobenzothiadiazole (6) in aqueous nitric acid (68%) for one hour.1%® The authors
indicated that extraction was required, however when repeated the product precipitated
when poured over ice water, giving a modest yield of 40% (Scheme 2.2). To increase the
rate of this reaction, the gas produced was periodically vented. Without venting the

reaction mixture took over 12 hours to change colour from dark orange to pale yellow.

31



Br N02

Scheme 2.2 — Synthesis of NPT-Br (5) via dibromobenzothiadiazole (6). i) Br:, HNO3 (), reflux,
48 h, 15%. ii) HNO3 (uq), reflux, 1 h, 40%.

With NPT-Br (5) in hand, ligation to APTES (2) could take place, however attempting to
replicate the conditions used for the synthesis of NBD-APTES (3) was ineffective and
gave recovery of the starting material. Increasing the reaction temperature to 50 T gave
traces of the product by *H NMR analysis but it proved inseparable from the mixture.
When repeated with catalytic potassium carbonate, NPT-APTES (7) was successfully

isolated in a moderate yield (Scheme 2.3).

NO, NO,
_N, i _N
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Br HN.__~_Si(OEt);
5 2 7

Scheme 2.3 — Synthesis of NPT-APTES (7). i) K-COj3 (10 mol%,), EtOH, dark, 0 C— RT, 24 h 45%.

The synthesis of the selenium containing derivative NPSe-APTES (8) proved to be much
more of a challenge. It was initially planned that NPSe-Br (9) could be synthesised via
the reduction of dibromobenzothiadiazole (6) giving a 1,2-dianiline species (10) into
which a selenium atom could be inserted to give a dibromobenzoselenadiazole species
(11, Scheme 2.4). These reactions were precedented and proceeded with good yields
when repeated (78% and 83%, respectively),'%1% however, ipso-substitution of bromine

in the dibromo species (11) was futile.
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Br Br Br NO,
N i NH; i N N

N 78% NH, 83% N N
Br Br Br Br
6 10 11 9

Scheme 2.4 — Reduction of dibromothiadiazole (6) followed by selenium insertion. i) NaBH,,
EtOH, 0C—RT, 20 h, 78%. ii) SeO;, EtOH/H;O, reflux, 2 h, 83%.

Despite attempting a range of nitrating conditions, including heating the dibromo
compound (11) to reflux in nitric acid, and using mixtures of nitric and sulfuric acids for
varying time periods of up to 24 hours, this reaction only resulted in the degradation of
the dibrobenzoselenadiazole starting material (11). Alternate nitration conditions using
potassium nitrite as the nitrating agent with various copper catalysts were also trialled.'®
The reaction was attempted at a range of temperatures for up to 72 hours with three
different copper reagents (Cul, CuBr, and Cu[OTf].) both under thermal conditions (130
T in DMSO) and under microwave irradiation. None of these approaches gave the
desired nitrated product and returned the majority of the starting material. However, since
this reaction uses air-sensitive copper(l) in the catalytic cycle, the root of this problem
may have been due to an impure nitrogen supply containing oxygen. This was not

discovered until after this route had been abandoned.

The next approach taken towards the synthesis of NPSe-APTES (8) was the reduction of
NPT-Br (5) followed by the insertion of selenium in an analogous method to that used for
the reduction and selenation of the dibromo species (6, Scheme 2.4). Reduction with
sodium borohydride was problematic, giving an insoluble black residue as the product.
Weaker reductants such as sodium triacetoxyborohydride and sodium cyanoborohydride
were trialled. The former reagent gave no reaction and returned the starting material.

Analysis of the crude mixture obtained when using the cyanide containing reagent by *H
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NMR spectroscopy suggested that a small portion of the starting material had been
transformed. The reaction was repeated with more hydride equivalents, over a longer time
period at varied temperatures. In each case, the starting material was proven to have been
consumed by 'H NMR spectroscopy and thin layer chromatography (TLC) but mass
spectrometry did not provide any evidence of the desired 1,2-diamino-3-bromo-6-
nitrobenzene. The peak had an m/z value that suggested that only one heteroaromatic

nitrogen had been reduced fully to the aniline while the other was still bound to sulfur.

As these routes had proven unsuccessful, a survey of structurally similar commercially
available compounds was conducted. Insertion of selenium between the nitrogen atoms
of commercially available 1,2-diamino-3-nitrobenzene (12) was successful in excellent
yield to give NPSe-H (13, Scheme 2.5), however, subsequent bromination at carbon 7
was unyielding. A range of different brominating agents (molecular bromine, N-
bromosuccinimide, and tribromocyanuric acid) were trialled in different solvents (acetic
acid, dichloromethane, dichloroethane, trifluoroacetic acid, and hydrochloric acid) but no

reaction was observed under any of the conditions used.

NO, NO, NO,
S G &
— - Se —x - Se
NH, 92% N N
! Br
12 13 9

Scheme 2.5— Selenation of 1,2-diamino-3-nitrobenzene (12) to give NPSe-H (13), carbon 7
labelled. i) SeO,, EtOH/HO, reflux, 92%.

The next analogous commercially available compound was 2-bromo-5-nitroaniline (14),

whose transformation to the desired dianiline compound was precedented via a reaction

known as vicarious nucleophilic substitution (VNS).
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2.3 Vicarious nucleophilic substitution

VNS as a technique was introduced by Makosza and co-workers in 1984 for the
introduction of sulfones ortho- and para- to the nitro functionality in nitroaryl systems.!
The reaction involves the addition of an anionic nucleophile bearing a leaving group to

aromatic rings. A base is then used to induce B-elimination to give the substituted product.

The procedure was adapted in 1986 by Katritzky and Laurenzo as a solution to the harsh
and low yielding conditions (photochemical addition in liquid ammonia, or hydrazoic
acid in sulfuric acid or with aluminium[I11] chloride) usually used for the amination of
nitrobenzene compounds.'!! The authors reasoned that the use of a suitable nitrogen
containing nucleophile with an attached leaving group may enable similar, more reliable,
and higher yielding reactions. The nucleophile they selected was 4-amino-1,2,4-triazole
(15) due to its tolerance of basic conditions, and they were able to successfully add an
amine exclusively to the para- position with respect to the nitro group (Scheme 2.6). The

reaction would only proceed in dimethylsulfoxide (DMSO).

NH,

R N-N i R
Y —
©/ Qrﬂ) 22-74%

NO, NH; NO,
15

Scheme 2.6 — Vicarious nucleophilic amination using 4-amino-1,2,4-triazole (15) as the
nucleophile. R = H, alkyl, EWG, EDG. i) 'BuOK, DMSO, RT, 22-74%.'"!

Since this publication other reagents were developed for use as aminating agents, all of
the general formula of X-NH., where X is a leaving group. Ortho- regioselectivity was
attained by using the reagents where X was an alkoxy or a trialkylammonium group in

combination with an electron donating meta-substituent in the 3-position. This invariably
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gave amination in the more sterically congested 2-position. Since VNS reactions using
O-alkyl hydroxylamines (RO-NH_) usually required copper catalysis,*'#1!3 hydrazonium
reagents such as 1,1,1-trimethylhydazonium iodide (MesNNH2.lI, TMHI) became more
popular.t'*1%° The positive charge on the quaternary nitrogen vastly improves its leaving
group ability and the reagent can be used without catalysis. It also stabilises the
deprotonation of the adjacent hydrazone proton to give the hydrazinium ylide — a much

more potent nucleophile. A charged intermediate is formed which is protonated on acidic

workup (Scheme 2.7).
R N R % \mlr R L R NO,
) 00 _H NH 0o NH) 0O NH,
® O BO™ NMe @
Me;N—NH ® HO-H

Scheme 2.7 — The proposed mechanism for vicarious nucleophilic amination of nitrobenzene
systems using TMHI. R = EDG.""

This reaction was reported as being under kinetic control by Kowalski and coworkers in
2009.11 Their computational analysis of the ortho- and para- adducts (relative to the nitro
group) showed that the transition state energy of para- addition is much higher than ortho-
addition. Additionally, it was shown that when two ortho- positions are available and they
are not chemically equivalent, only substitution of the position with the lower calculated
transition state energy is observed. This energy is lowered by the presence of an electron

donating group meta- with respect to the nitro moiety.

A British patent published in 2010 claims that VNS can be used for the amination of 2-
bromo-5-nitroaniline (14) to give 1,2-amino-3-bromo-6-nitrobenzene (16), however the
characterisation data presented in the patent did not support the proposed product.®

Despite this, the reaction was attempted using sodium tert-pentoxide as the base and
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DMSO as the solvent. Initial attempts gave poor mass returns and crude *H NMR spectra
with peak splitting to indicate substitution at different positions around the aromatic ring.
A change in the work-up procedure, however, did result in the successful isolation of the
desired dianiline product (16) in 30% yield (Scheme 2.8). The patent suggested that the
reaction be worked-up by pouring over ice water and acidifying to pH 3 before extracting
with dichloromethane. This procedure was modified such that the product was extracted
from the cold aqueous mixture before performing mildly acidic washes to neutralise the
mixture and avoid protonation of the dianiline (pKa of the conjugate acids of anilines are
usually below 5). The previous work-up procedure may have been causing the desired
product to remain in the aqueous phase whereas the modified method gave a crude
product that could be used without further purification with only traces of solvents

(DMSO) or by-products (trimethylamine or tert-pentyl alcohol).

NO, NO,
i NH,

NH, 30% NH,
Br Br
14 16

Scheme 2.8 — VNS reaction to yield 1,2-dianiline-3-bromo-6-nitrobenzene (16). i) TMHI,
NaOC(Me):Et, DMSO, RT, 16 h, 30%.

In an attempt to increase the yield of VNS, a range of N-protected derivatives (17-19)
were prepared of 2-bromo-5-nitroaniline (14). It was thought that protecting the aniline
with electron withdrawing groups would make the benzene ring more electrophilic and

thus more susceptible to nucleophilic attack.
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NO, NO,
O O O )<
NJ\CH3 N)J\CF3 NJ\O
H H H
Br Br

17, 95% 18, 78% 19, 81% (3 steps)

Br

Figure 2.2 — The structures of N-protected analogues of 2-bromo-5-nitroaniline.

N-Acetyl, trifluoroacetyl, and Boc protected analogues were synthesised (17, 18, and 19
respectively, Figure 2.2), but no reaction was observed when subjected to VNS conditions
and starting material was returned in all cases. It is noted that direct Boc-protection was
not possible, however, in 1985 it was found that an N-acyl-N-Boc doubly protected aniline
can be selectively cleaved to yield the N-Boc compound.!'”'® As such, the N-Boc
protected aniline was synthesised in 2 steps from the N-acetyl aniline (17) via a doubly
protected N-acyl-N-Boc aniline intermediate. Although in this case the doubly protected
compound was not isolated, it may have been worth attempting to use it in a VNS reaction
since one reason that the reaction failed with the monoprotected analogues (17, 18, and

19) could be deprotonation of the amide N-H proton.

NO, NO,
NH; i _N_
— _ Se
NH, 93%
Br Br
16 9

Scheme 2.9 — Selenation to give NPSe-Br (9). i) SeO: (5 eq), EtOH/H,O, reflux, 2 h, 93%.

Nevertheless, with the diamine (16) in hand it was possible to insert selenium to give

NPSe-Br (9, Scheme 2.9). Unlike the analogous reactions with the dibromo and nitro
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dianiline systems (10 and 12, respectively), this reaction required five molar equivalents

of selenium dioxide for the reaction to proceed.

Attempts of an SnAr reaction on NPSe-Br (9) using APTES (2) as the nucleophile were
unsuccessful under a range of conditions including the use of catalytic or stoichiometric
base (K2COs, NaH, KO'Bu) or acid (AcOH), performing the reaction at room or elevated
temperatures, and in different solvents (EtOH, H.O, THF, DCM), thus a different

approach was required for the functionalisation of the selenious heterocycle.

2.4 Aryl aminations

Cross coupling reactions have been used for the functionalisation of aryl halide systems
for many years and have revolutionised and broadened the ways in which molecular
targets can be synthesised. Suzuki and Sonogashira couplings have been successfully
applied to 4,7-dihalogen chalcogenadiazoles for bis-arylation to synthesise donor-
acceptor-donor systems or conjugated polymers.®*1% Similar reactions have been applied
to 4-halo-7-nitrobenzochalcogenazoles for ipso- substitution of the halogen with aryl
systems, as well as using CH-activation at position 7 of 4-nitrobenzo
chalcogenazoles.®>!%12® To date, the metal catalysed cross coupling of a primary or

secondary amine with these systems had not been demonstrated.

On searching through the literature for analogous systems, a palladium catalysed coupling
reaction of 1-bromonaphthalenes and 5- and 8-bromoquinolines with primary and
secondary amines was possible using the chiral ferrocene based ligand N,N-dimethyl-1-
[2-(diphenylphosphino)ferrocenyl]ethylamine (PPFA, Scheme 2.10).12* The products in
this study were achiral, and as such the authors do not specify which isomer of PPFA was
used. A range of amines were trialled, including aromatic, aliphatic, straight chain, and

cyclic variants, with yields ranging from 47-92%.
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R! R2 Me,N

Br HNR'R? (1.2 eq) N
[x\ Pd,dbas (2 mol%), PPFA (6 mol%) [x\ @F PPh,
e
Y7 NaO'Bu (1.5 eq), PhMe (0.25 M) Y7 =
R Microwave or thermal, 10 min R (RIS)-(+)-PPFA

Scheme 2.10 — Aryl aminations conducted by Wang and co-workers.'** X = CH or N, Y = CH or
N, R = H, Me, OMe or CN. Though the authors did not specify which isomer of PPFA was used,
the (+)- planar isomer is shown as an example.

Replication of this reaction using 5-bromoquinoline and piperidine was attempted under
both thermal conditions (heating at reflux for 24 hours) and microwave irradiation (ramp
from room temperature to 120C over 360 s using 150 W power then maintain this
temperature for a further 540 s at 100 W). Though both conditions did produce the correct
product, microwave irradiation gave a higher conversion by analysis of peak integration
in the *H NMR spectrum of the crude reaction mixture (60% compared to 41% using
thermal conditions). In these cases, potassium tert-butoxide was used as a substitute for

the sodium salt due to availability.

NO, HN (1.2 eq) NO,
N Pd,dbas (2 mol%), (S)-(+)-PPFA (6 mol%) N
' S0
N KO®Bu (1.5 eq), PhMe (0.25 M) N
Y Microwave, 10 min

N
X=0,Y =Cl, 90% Q
X=8S,Y =Br, 63%
X =S8e, Y =Br, 0%

Scheme 2.11 — Amination of oxadiazole, thiadiazole and selenadiazole 1, 5, and 9 with piperidine.

This methodology was then applied to NBD-CI, NPT-Br and NPSe-Br (1, 5, and 9,
respectively) which gave good yields under microwave irradiation for the oxygen and

sulfur containing compounds (90% and 63% yields, respectively, Scheme 2.11) but the
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selenium compound proved to be unreactive under these conditions. It was thought that
the selenium derivative was unreactive due to low solubility in toluene. When the
reactions with piperidine were repeated using tetrahydrofuran (THF) as the solvent, the

sulfur and selenium containing compounds gave Yyields of 61% and 30%, respectively.

Table 2.1 — Isolated yields for the amination of diazoles 1, 5, and 9 with various amines.

NO, HNR'R? (1.2 eq) NO>
_N, Pd,dbas (2 mol%), (S)-(+)-PPFA (6 mol%) _N,
X X
SN KO'Bu (1.5 eq), THF (0.25 M), 75 °C SN
Microwave, 10 min ,N\
X=0,Y=Cl1 R' R?
X=S,Y=Br,5
X=Se,Y=Br?9
Entry HNR'R? X Yield (%) ?
1 0 87
2 HN S 61
3 Se 30
4 0] 30
5 HN/_\O S 45
6 — Se 23
7 0] 41
8 HM@ S 24
9 Se 23
10 H,N 0 33
11 \_® S 17
12 Se 12
13 O 10
14 H,N™ " Si(0E); S 8
15 Se 7
16 0] 11
17 HNN S 6
18 Se 23
19 0] 16
20 N~ CO2Me S 36
21 Se 25

2 Refers to isolated product.
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These yields were perhaps lower due to reduced solubility of the other reagents in THF
compared to toluene. Several other amines (including APTES, 2) were tested to gauge
the scope of the reaction (Table 2.1). Once aliphatic, aromatic and benzylic amines had
been tested (entries 1 — 12), the remaining amines were selected in order to provide
handles for further functionalisation. APTES was used to install silane functionality such
that the dyes could be conjugated to silica nanoparticles (entries 13 — 15). Allylamine was
used to install an unsaturated bond which could be functionalised in many ways, including

halogenation, hydroboration or epoxidation (entries 16 — 18).

A methyl protected amino acid (B-alanine, entries 19 — 21) was successfully coupled to
the dyes to provide a handle for peptide synthesis and biological specificity. The coupling
reaction was unsuccessful with unprotected amino acids containing a carboxylic acid. The
HCI salt of B-alanine methyl ester (21) was prepared in one step using thionyl chloride in

methanol in high yield (Scheme 2.12).

i, ii
HN o COH =~ COzMe
2 89% 3

20 21

Scheme 2.12 — Methyl protection of f-alanine (20) to the hydrochloride salt of the methyl ester
(21). i) SOCl,, MeOH, 0 °C to rt, 2h. ii) HCl(aq).

Interestingly, when attempting to couple NBD-CI (1) with propargylamine a rather
different outcome was obtained. It was found that once aryl amination had taken place a
rearrangement occurred enabling the release of allene leaving a primary amine bound to
the aromatic system (Scheme 2.13). This result was confirmed by *H NMR spectroscopy,
high resolution mass spectrometry, and infrared spectroscopy. The depropargylation of
propargyl amines and ethers has been documented a number of times in the presence of
catalytic palladium species under basic conditions, in some cases showing selectivity for
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propargyl groups over allyl groups, explaining why the allyl variants were isolable.'?>28

This reaction pathway may have been particularly favourable in this case due to the ability

to delocalise the negative charge in the intermediate to the nitro group in the para-

position.
N02 NO2 NOZ
/N\ /N\ /N\
— /S ~ 7/ ~ 7/
N Pd(0) N H,O N
HN yNo NH,
®
Il [Pd] H H H
| ——( ——(
H H H H

Scheme 2.13 — Palladium catalysed depropargylation of NPT-2-propyne.

A study in which a phosphorus(V) containing rhodamine was synthesised via the
oxidation of its phosphorous(I11) counterpart raised questions about whether more dyes
could be added to this study by the oxidation of the sulfur and selenium atoms in NPT-

and NPSe-Br (5 and 9) to give the sulfoxide and selenoxide (Scheme 2.14).

NO, NO,
=N [0] =N~
> /X > /X_O
N N
Br Br

Scheme 2.14 — Proposed oxidation of sulfur or selenium containing compounds. X = S, Se.

Unfortunately, it was not possible to oxidise either compound using hydrogen peroxide,
oxone or potassium permanganate and in all cases starting material was returned. This is
likely due to the involvement of the lone pairs of the sulfur and selenium atoms in the

aromatic system. In some cases, the bonds in the benzothiadiazole structure have been
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drawn differently to show sulfur existing in its S(IV) oxidation state (Figure 2.3).12° If
this was the true structure of the sulfur and selenium containing molecules, it would

explain why oxidation at the 2-position is not possible.

N\
/8
N

Figure 2.3 — Alternate structure of 2,1,3-benzothiadiazole showing sulfur existing as S(IV).

2.5 Photophysical properties

With the three silane functionalised dyes NBD-, NPT- and NPSe-APTES (3, 7, and 8
respectively) in hand, it was important to characterise their photophysical properties.
Intrinsic properties such as absorption and emission wavelength maxima (Aapsiem, Figure
2.5) were measured before subsequently measuring molar absorption coefficient (g),

quantum yield (®), and excited state lifetime (t, Table 2.2).

Though the absorption and emission maxima for the oxygen and sulfur containing dyes
were similar, the maxima were highly red shifted for the selenous dye. Bathochromic shift
of selenium containing fluorophores has been observed previously, and in the selenium

containing analogue of D-luciferin this was attributed to the polar effect.”3%°

N N_ _»CO2H
St
H,N S X

Figure 2.4 — The structure of D-luciferin (X = S) and the selenium containing analogue (X = Se).

In this context it is assumed that the polar effect refers to the lower electronegativity of
selenium meaning that electrons are less drawn to the heteroatom, thus less energy is

required to promote an electron to the excited state and the wavelength maxima are larger.
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Detty reports that as heavier atoms are incorporated the oxidation potentials of the
molecules become more negative and the reduction potentials become more positive,
which s reflected in the narrowing of the HOMO-LUMO energy gap, making transition

easier and requiring a longer wavelength, lower energy photon.”

Table 2.2 — Photophysical properties of NBD-, NPT-, and NPSe-APTES (3, 7, and 8 respectively).

1.0 — NBD
— NPT
0.81 —— NPSe

0.6

0.41

0.21

Absorption/emission

0.0 . T - . ,
300 400 500 600 700 800
Wavelength (nm)

Figure 2.5 — Normalised absorption (solid lines) and emission (dashed lines) for NBD-, NPT-
and NPSe-APTES (3, 7, and 8 respectively). ¢

Dye Aabs/NM  Aem/nm  e/Mlem?®  D/%° t/ns¢
NBD-APTES (3) 465 542 24,000 0.8 2.6
NPT-APTES (7) 460 550 1,400 0.2 11
NPSe-APTES (8) 500 615 3,900 0.2 17

2 Normalised for clarity due to vast differences in magnitude. ® Extrapolated from calibration curves
plotted using solutions with concentrations between 10-100 uM. Accurate to 2 significant figures. ©
Measured using an integration sphere and compared to BODIPY -Br with a quantum yield of 7.5%. ¢
Measured using a time-correlated single photon counting method for time-resolved photoluminescence.

The observed decrease in molar absorption coefficient is in broad agreement with other
dyes with substitution down the chalcogen group.”?"® This has previously been attributed
to a decrease in the oscillation strength of the So = Si transition. 32132 According to

Nijegorodov and Mabbs, the introduction of heavier atoms changes the parameters of
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matrix elements in the molecular orbital, making absorption less likely. When
incorporating heavier, less electronegative atoms the distribution of electrons in the
molecular orbitals of the dyes may change. A poorer overlap between the HOMO and the
LUMO would result in a smaller oscillator strength.'®® These changes are also reflected
in the calculated oscillator strength from the computational studies (Table 2.3). Similarly,
there was a drop in the quantum yield when larger atoms were incorporated due to a
higher probability of transfer to the triplet state via ISC. The method used was not

accurate enough to allow more detailed measurements to be taken.

Though there was not a vast difference between the excited state lifetimes of the three
dyes, it was clear that the value for NBD-APTES (3) was much larger than the other two.
This, again, indicates that the oxygen containing dye favours fluorescence rather than

intersystem crossing to a dark state.

As a crude assessment of the aromaticity of the three silane functionalised dyes, the
chemical shifts of the aromatic protons were compared. As predicted by by Jona,'3* the
inclusion of heavier atoms resulted in an increase in aromaticity. The aromatic peaks were
shifted most downfield in the sulfur containing molecule (7), the analogous peaks in the
spectrum of the oxygen derivative (3) were the most upfield, with the peaks from the
selenium containing compound (8) in the middle (Figure 2.6). This suggests that the
protons in the sulfurous molecule are experiencing the greatest ring current and the sulfur
compound is most aromatic, wheras the protons in the oxygenated compound experience
a smaller ring current, making the oxygen derivative least aromatic, much like the

chalcogenazoles studied in Bird’s 1992 article.”
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Figure 2.6— Comparison of the aromatic region in the 'H NMR spectra of a) NBD-, b) NPT-, and
¢) NPSe-APTES (3, 7, and 8 respectively) with chemical shift measured on the ppm scale with
respect to the CDClI; solvent peak.

In order to prove that the increasing size of the heteroatom was not having an effect on
the planarity of the molecules, geometry optimisations of model systems omitting the
silane group were undertaken. Subsequently, the energy levels of the optimised structures
were calculated in order to calculate the So — S: transitional energy. Geometry
optimisations were calculated using density functional theory (DFT) which uses electron
density rather than wavefunctions to complete calculations, drastically shortening
calculation time because there is less of an increase in the complexity of electron density
calculations as the number of electrons in the system increases. Energy levels were
calculated using a time-dependant self-consistent field (TD-SCF) DFT which is used to

calculate the effect of an electromagnetic field (i.e. a photon).

The major component of the calculated So — S; transition was attributed to a HOMO —
LUMO transition in all three cases, but transitional energies were not in agreement with
the experimentally measured figures. However, the calculated figures do correctly predict
which dyes will have the highest and lowest absorption maxima, and that the oxygen and
sulfur containing dyes would have similar absorption maxima, while the absorption

maximum for the selenium containing dye would be red shifted (Table 2.3).
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Table 2.3 — Results of the computational analyses of analogues of NBD-, NPT-, and NPSe-APTES
(3, 7, and 8 respectively).

Dye NBD-APTES (3)  NPT-APTES(7)  NPSe-APTES (8)

0‘0 o.‘o d 0,,9

Geometrically 2 ?»J(,o 2 (J % 2 */J .‘
optimised J»J:).’ s 9o a/J:_./J | JJ ‘ ()J,\ °/J _
structure of > f J‘s" J‘S" b
analogue 2° - 2
bl b @ -2
d d ¥
N-X-N internal
113.0 99.4 93.5
bond angle (°) #
Average N-X
1.365 1.638 1.801
bond length / A 2
HOMO - LUMO
) 3.2014 3.2509 3.0403
difference / eV P
Calculated Aabs
437 448 482
/nm
Calculated
_ 0.3876 0.3080 0.2381
oscillator strength
Experimental Aaps
465 460 500

/nm ¢

2 Calculated using Gaussian 09 using DFT theory with a B3LYP 63119 (d,p) basis set.*®>  Calculated
using Gaussian 09 using TD-SCF DFT theory with a B3LYP 63119 (d,p) basis set and was solved for
N=100 states. ¢ Molecular models viewed perpendicular to, and in the plane (from above) of the aromatic
system of each dye molecule. Hydrogen atoms omitted from in-plane view for clarity. ¢ measured in
water.

Modelling shows that the aromatic systems do remain planar but the ring in which the
chalcogen is contained becomes distorted in order to accommodate the larger atoms. This
is shown by an increase in the N-X bond length and a narrowing of the internal N-X-N

bond angle as the ring is elongated and becomes more puckered.
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The rate of fluorescence bleaching was then measured using a method described by Sauer
et al.>® in which dye solutions are exposed to a laser in order to induce photobleaching
before fluorescence is reactivated by reincorporation of oxygen via agitation. Three
differently buffered solutions were tested to assess the differences between them, and
confirmed GLOX buffer (glucose oxidase, catalase and glucose) with
mercaptoethylamine (MEA) as being the most suited for SMLM imaging. When
fluorescence intensity dropped to 10% of initial fluorescence intensity the cuvette was
removed from the experimental equipment, the stopper removed for a few seconds to
allow oxygen back into the system, then replaced before shaking the cuvette. These
interruptions can be observed in the results graphs when fluorescence intensity drops to

zero for a short period of time (Table 2.4).

The first system tested was the dye dissolved in distilled water. All three dyes proved to
be photostable when irradiated with laser light under these conditions. Although
fluorescence intensity of the sulfur and selenium containing dyes neither increased or
decreased over the course of the one hour experiment, the oxygen containing NBD-
APTES (3) actually showed an increase in fluorescence intensity to a plateau after

approximately 40 minutes at all concentrations and laser intensities tested (Table 2.4).

This phenomenon has not previously been observed in the literature concerning
photoactive molecules. Some fluorescent molecules display an increase in fluorescence
intensity on binding to a substrate,®*'% but since only the dye is present in aqueous
solution this is also improbable. Laser irradiation of the compound may photocatalyse a
transformation to a more intensely fluorescent species.'3” Although there was no change
in the emission maximum, this should not be ruled out. Increases in fluorescence intensity
have previously been induced using pulsed lasers by Hell and coworkers,*® but in this

case laser irradiation was continuous. Further investigation is required to determine the
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cause of this phenomenon. The MatLab code used to obtain bleaching data integrated
absorption spectra between a specified range of wavelengths at each time point to give

the area under the spectrum (Appendix 1, page 134).

The introduction of additives had a profound effect on the ways in which the dyes
behaved. The second buffer system tested was the dye dissolved in distilled water with
the addition of MEA at 0.1 M. This prompted the dyes to begin photobleaching. The rate
of decay increased with the increasing atomic mass of the chalcogen contained within the
molecules (i.e. the selenium containing compound decayed fastest and the oxygen
containing dye decayed slowest). When fluorescence reactivation was attempted there

was only a small recovery of fluorescence intensity (Table 2.4).

Next tested was the GLOX buffering system made up of the dyes dissolved in distilled
water with MEA at a concentration of 0.1 M, glucose oxidase at a concentration of 0.5
mg/mL, catalase at a concentration of 0.04 mg/mL, and 10% w/v of B-glucose. This
prompted faster bleaching in the oxygen and selenium containing dyes, but slowed the
bleaching process down in the sulfur containing dye NPT-APTES (7). This indicates that
the oxygen scavenging system has the opposite effect on the thiadiazole and promotes a
longer ‘on’ state for super-resolution imaging. It may also imply that the dark ‘off” state

is less accessible for the sulfur variant.
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Table 2.4 — Results of reversible bleaching experiments for NBD-, NPT-, and NPSe-APTES (3, 7, and 8, respectively). *

Dye NBD-APTES (3) NPT-APTES (7) NPSe-APTES (8)
| f’md — Dye + MEA
E 12000 g .
Bleaching 3 s 4 H
graphs é EDDDf\J\ é -;é
Time /s 0 500 1000 ﬁD'?ime IZSDDD 2500 a0 3500 0 200 400 600 aui‘mefsuuu 1200 1400 1600 1800
Buffer ° A B A B A B
Decay rate
o O?g oyt 0.265 1.21 0.555 0.439 2.06 10.0
Aver
recovzri,gfo/ 12 78 12 48 15 81
0
Average
PED / % ¢ - 15 - 15 - 24

2 All dye solutions were diluted to 1 x 10> M and data was recorded using OceanView and analysed using Matlab.'® ® A: Dye solution in distilled water with 0.1 M
MEA; B: Dye solution in distilled water with 0.1 M MEA and GLOX buffering. ¢ Calculated as a percentage of fluorescence intensity decay before the rate of decay
slowed and became exponential.
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The addition of GLOX buffer also increased the amount of fluorescence intensity
recovered after reincorporation of oxygen into the system. There was a vast increase in
the average fluorescence intensity recovery of the oxygen and selenium variants, and a
smaller but still notable increase for the thiadiazole. This result also indicates that the
sulfur containing molecule has a less accessible ‘dark’ state since a greater proportion of

dye molecules are permanently photobleached rather than entering the dark state.

When dissolved in the GLOX buffer, each dye experienced two phases of fluorescence
intensity decay, both at the start of each experiment and after each agitation. Exponential
decay was always preceded by a sharp loss in fluorescence intensity which will
henceforth be referred to as pre-exponential decay (PED). PED was measured as a
percentage of total fluorescence intensity lost in each cycle before decay became
exponential. PED was larger for the selenium containing dye (8), implying that access to

its dark state may be easier than for the other two compounds.

As decay in fluorescence intensity is observed, the structure of the dyes may be altered.
Likely candidates for reduced structures are 1,3-dihydro-2,1,3-benzochalcogenazole

structures where the nitrogen atoms in the five-membered ring are protonated.

With the solution phase analysis complete, hints about the blinking activity of each dye
were uncovered but the phenomenon of photoblinking had not yet been observed for any
of the three compounds. The blinking activity of the dyes (and hence suitability for super-
resolution imaging) was assessed by adopting a method described by Gibbs, et al. in
which dyes were dissolved in a polyvinyl alcohol (PVA) solution and subsequently dried
onto a glass surface to give a matrix with a low dye concentration (so low that individual
dye molecules were not within Abbe’s limit from each other and hence were not
diffraction limited).>” The dyes, dissolved in a PVA solution (47,000 MW, 1 wt% in
deionised water), were added to glass microscopy slides and air-dried overnight before
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adding a buffer, sealing the system with a cover slip and clear nail polish, and imaging
under a microscope. Since in the solution phase there was no photobleaching recorded

without the addition of either MEA or GLOX, these were the only buffer systems tested.

Table 2.5 — Blink analysis of NBD-, NPT-, and NPSe-APTES (3, 7, and 8, respectively). *

Average blink Average on  Average number of

Dye Buffer density / pm2¢ time / s ¢ cycles ¢
NBD-APTES A 1.40 0.19 2.9
) B 1.16 0.39 4.9
NPT-APTES A 1.30 0.22 14
(") B 2.00 0.33 3.0
NPSe-APTES A 1.01 0.11 15
(8) B 1.46 0.34 2.9
S A 0.14 0.11 13
B 0.03 0.06 1.0

2 All dye solutions were diluted to 3 X108 M in a 1 wt% PVA (48,000 MW) in distilled water. Andor
Solis was used with Fiji®*%? and the ThunderSTORM plugin®® to record and analyse blink data. ® A: Dye
solution in aqueous 1% PVA with 0.1 M MEA; B: Dye solution in aqueous 1% PVA with 0.1 M MEA
and GLOX buffering. ¢ Calculated as the number of blinking events captured within a specified area over
the duration of the experiment. ¢ Calculated by plotting z-axis profiles of pixel intensity for individual
molecules. ¢ 1% PVA solution dropped onto microscope slide with no dye.

Data were taken between 30-60 minutes after the addition of a buffer such that the buffer
had had enough time to fully penetrate the P\VA matrix, but not so long as to threaten the
integrity of the matrix. The properties analysed for each dye were the average number of
blinks in a pm? area (blink density), the average length of continuous emission (on time),
and the number of times blinking molecules switched between their ‘on’ and ‘off” states

(number of cycles, Table 2.5).

The dyes did not display a trend in blinking density between buffer systems. There was a
reduction in blink density for the oxygen containing NBD-APTES (3) when switching
from buffer system A to B, though this was reversed for the dyes containing the heavier

atoms which both showed an increase in blink density in GLOX buffer. This suggests
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that the oxygen scavenging GLOX system has a stabilising effect on the benzoxadiazole
dark state, suggesting that the dark state for this molecule does not manifest as, or is not
accessed via a triplet state since the triplet quenching thiol MEA cannot override this
stabilising effect. By this logic, the increase in blink density in GLOX buffer for NPT-
and NPSe-APTES (7 and 8, respectively) also suggests a stabilisation of the dark states
since they can be accessed more rapidly, but the dark states in these molecules may either
be triplet states or be accessed via triplet states since the presence of triplet quenching
MEA forces relaxation down to the ground state and once again begin a cycle of
fluorescence emission. This may also be linked to the fact that sulfur atoms in
organosulfur compounds have been found to stabilise electronic dark states,**° however,

this area has not been previously investigated in organoselenides.

Blinking molecules in all three cases on average presented prolonged periods of
continuous emission (longer on times) and blinked more frequently (higher number of
cycles) under the GLOX buffering system. These attributes were measured by plotting z-

axis profiles for individual blinking fluorophores (Figure 2.7).
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Figure 2.7 — Representative z-axis profile of pixel intensity for an individual blinking molecule of
NBD-APTES (3).

The z-axis profiles can in turn be simplified to so-called on/off trajectories in which any
signal above a specified threshold is denoted ‘on’ giving a binary trace (Figure 2.8). In

this case, the threshold was set to a pixel intensity of 5 counts. This enables a less
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subjective assessment of whether or not a molecule was blinking and wither or not it

could be distinguished from the background noise.

0 1000 2000 3000

Figure 2.8 — Representative on/off trajectory for an individual molecule of NBD-APTES (3).

The longer on times and higher number of blinking cycles suggest a stabilising effect on
the dark state in the presence of GLOX (since it can be accessed more frequently). When
comparing the number of blinking cycles going from an MEA to a GLOX buffered
solution, there was a higher increase in the number of blinking cycles for the sulfur and
selenium containing dyes (214% and 193%, respectively) compared to the oxygen
containing compound (169%), which may again suggest that MEA may have less of an
effect on quenching the dark state. Despite this, NBD-APTES (3) was much more active
than its heavier counterparts, and this result correlates with the excited state lifetimes for
each dye. The enhanced blink rate may also explain why blinking was not observed in
bacteria in the initial control experiments conducted at the start of the project (Section
1.8) — the high density of fluorophores blinking at high speed meant that blinking was
undetectable and individual molecules could not be localised. The dye may, however, be
more suited to other techniques such as super-resolution radial fluctuation (SRRF) which
requires low-level illumination intensity, or 3B which is capable of analysing overlapping

fluorophores.

Since the lengths of the dark states for each dye were long-lasting (several seconds) it is

likely that the blinking mechanism is redox blinking.*! Reversible redox reactions of the
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dyes with MEA via photoinduced electron transfer which result in a non-fluorescent
radical intermediate that could subsequently be protonated (Scheme 2.15). Reaction via
a radical intermediate is more likely to occur from a triplet state,%°4! and the heavier
atoms in the sulfur and selenium containing dyes may be promoting this, resulting in

longer dark states and fewer observed blinking events.

Electron 2 x RSH H
©j'\|\ transfer —N  Protonation N,
A X X
N N N
. H
Radical Proposed
intermediate dark state

Scheme 2.15 — Route to the proposed dark state for benzochalcogenazoles.

Further analyses were undertaken to determine the number of photons detected per
blinking event (calculated by dividing the pixel intensity value by the analog-to-digital
ratio for the camera used) and the average on/off duty cycle (average fraction of time a
single molecule spent in the ‘on’ state after equilibrium is reached) over the duration of

the 150 s experiment.

The average duty cycles for each of the dyes in this study are comparable and similar to
top performing dyes currently used for STORM, as analysed by Dempsey and
coworkers.**? The number of photons detected per blink is on average lower than, but of
the same magnitude, as other dyes that absorb in the same region of the visible
spectrum.*? The dyes also perform similarly in this respect to commonly used SMLM

dyes suspended in PVA matrices.®’
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Table 2.6 — Further blink analysis of NBD-, NPT-, and NPSe-APTES (3, 7, and 8, respectively). *

Avg. photons detected per Avg. on/off duty

b
Dye Buffer blink ¢ cycle
©) B 889 0.0027
(7) B 875 0.0023
(8) B 468 0.0023

2 All dye solutions were diluted to 3 x10 M in a 1 wt% PVA (48,000 MW |n distilled water. FITC
fllter cube was used. Andor Solis was used with Fiji,5-°2 and the ThunderST Ellllj\%m to record and
analyse blinking data.®® ® A: Dye solution with MEA (0.1 M): B: Dye solutlon with MEA (0.1 M) and
GLOX buffer. ¢ Calculated based on the analog-to-digital ratio for the camera used (Andor Zyla sCMOS)
being 0.28 as stated in the manufacturers specifications.

It has been proven in this study that the dyes emit sufficient photons for fluorescence to
be distinguished from background noise and for the localisation of individual molecules.
While under ideal SMLM conditions (Buffer B, Table 2.5), the NBD- and NPT-APTES
(3 and 7 respectively) performed similarly, the selenious derivative (8) appeared to emit
far fewer photons. This may be as a result of the poor overlap of the available laser
wavelengths with the absorption spectrum of NPSe-APTES (8). All three dyes were

capable of stochastically photoblinking throughout the duration of these experiments.

2.6 Nanoparticle synthesis and functionalisation

Armed with the knowledge of how individual molecules in sparsely populated samples
behave, it was then prudent to see if the previous results could be used to predict the
suitability of a dye to take images of small structures using SMLM techniques. Silica
nanoparticles were synthesised via a Stober synthesis in which the siloxane functionalised

dyes were added at a later stage to coat the surface (Scheme 2.16).
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ii)3,7,0r8
Si(OEt)4, rt, 5 h

i) NHa, H,0, N NG
EtOH, rt, 24 h 2
Si(OEt), Q J_/ f
N. N

Scheme 2.16 — Synthesis of fluorescent nanoparticles. X = O, S, or Se for NBD-, NPT-, and NPSe-
APTES (3, 7 and 8 respectively).

It was imperative that nanoparticles were not isolated before the addition of the dyes in
order for successful ligation to take place. The sizes of the nanoparticles coated with the
oxygen, sulfur, and selenium containing dyes were measured to be 240+10, 223+65, and
25748 nm, respectively by dynamic light scattering (DLS, Figure 2.9A). This result was
confirmed for the NBD-APTES (3) coated nanoparticles using scanning electron
microscopy (SEM, Figure 2.9B). To confirm that the nanoparticles had been coated with
the dyes, emission spectra were taken of suspensions of the nanoparticles and they were

viewed under a confocal microscope.

After their synthesis, nanoparticles were isolated by centrifugation and resuspended in
distilled water for storage. Although aggregation was not an immediate concern
sedimentation (particles settling at the bottom of their container) was observed when left
unperturbed overnight. Particle size and polydispersity of unlabelled nanoparticles was
monitored over time using DLS. There was no evidence of aggregation after 12 days,
however at day 49 the average particle size had increased by 22% (from 370 to 451 nm)
and the polydispersity index (PDI, a measure of size uniformity ranging from 0 for a
completely monodisperse sample to 1 for completely polydisperse sample) had increased
from 0.07 to 0.22 showing aggregation to a wide range of particle sizes. To avoid
aggregation, the functionalised nanoparticles were isolated by centrifugation and stored
dry, which prevents the process from occurring (the high surface tension of water induces

aggregation in aqueous solutions/suspensions).143
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Figure 2.9 — Size analyses of dye coated nanoparticles. A) Dynamic light scattering data for
particles ligated to NBD-, NPT-, and NPSe-APTES (3, 7 and 8 respectively. B) Scanning electron
micrograph of nanoparticles coated with NBD-APTES (3), scale bar 1 um.

Attempts were made to analyse the nanoparticles by mass spectrometry. It was hoped that
by bombarding the nanoparticles with high-energy entities (such as atoms in fast atom
bombardment or electrons in electron impact mass spectrometry) dye molecules may
have been cleaved from the particle surface to give analysable fragments and may have
enabled the quantification of how many dye molecules had been ligated to the
nanoparticles. This approach, however, was not successful and no useful fragments could

be identified.

2.7 High-resolution imaging of nanoparticles

The functionalised nanoparticles were suspended in a PVA solution (40,000 MW, 1 wt%
in deionised water) at a total suspended solids (TSS) concentration of 1 mg/mL before
taking an aliquot of 50 pL and dropping onto a microscopy slide and allowing to air-dry
overnight. Since GLOX buffer had already been confirmed as the system that gave
superior blinking activity, it was the only buffer system used to image the nanoparticles.
Data were taken between 30-60 minutes after the addition of a buffer such that the buffer
had had enough time to fully penetrate the P\VA matrix, but not so long as to threaten the

integrity of the matrix.
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During acquisition, it was not possible to distinguish between a nanoparticle and a dye
molecule that had leached into the surrounding area since both blink and produce a PSF
at the diffraction limit. After processing the images, however, the leached molecules
could be discounted as noise and nanoparticles loaded with a high density of fluorophores

could be observed as separate entities (Figure 2.10).

Figure 2.10 — Reconstructed STORM wide field (1.0 um scale, A-C) and close-up (0.2 um scale,
D-F) images of silica nanoparticles coated with NBD- (3, A, D), NPT- (7, B, E), and NPSe-APTES
(8, C F)

As observed in the solution phase bleaching experiments, nanoparticle bound NBD-
APTES (3) stopped photoswitching and showed a dramatic increase in fluorescence
intensity with continued exposure throughout data acquisition, even at low laser power.
Because of this it was only possible to capture images of nanoparticles coated with the
oxygen derivative in sparsely populated areas of the sample. Again, this effect was not

observed with the sulfur and selenium derivatives.
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2.8 Conclusions

In summary, disruption of the aromatic systems by the introduction of larger atoms in this
series of dye molecules gave rise to distortions in the five-membered heteroaromatic ring
which, when combined with increasing orbital size and poorer orbital overlap, resulted in

significant changed in the photophysical properties of the dyes.

Integral properties such as extinction coefficient, quantum yield and excited state lifetime
were all reduced in dyes containing heavier atoms. These properties correlated with the
observed photoblinking behaviour. Blinking density of the two buffer systems tested was
lower in GLOX buffer for NBD-APTES (3), but higher for NPT- and NPSe-APTES (7
and 8, respectively), since the heavy atom stabilisation afforded by the presence of sulfur
and selenium meant those dye molecules were less likely to blink unless in an
environment in which they are encouraged to do so. The oxygen containing dye has the
most long-lived excited state lifetime, meaning that it is more likely to exhibit
fluorescence than to exist in its dark state, however, it would appear that this compound
has the least accessible dark state and transition to the dark state is hindered by the

addition of GLOX buffer, rather than helped.

With regards to the suitability of the dyes for SMLM imaging, the fast blink rate of the
oxygen containing NBD-APTES (3) is actually its downfall. Although in this study it was
possible to analyse individual blinking molecules, this is only because they were present
in the sample at only very low concentrations. In reality, when attempting to image
densely labelled samples (as is required to attain high quality SMLM images), too many
molecules exist in their ‘on’ states simultaneously and as such individual molecules
cannot be localised. This factor, along with the increased fluorescence intensity with

prolonged laser exposure, makes NBD a poor candidate for use in STORM.
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The slower blink rates of NPT- and NPSe-APTES (7 and 8, respectively), make them
more suited for purpose, however, due to the ease of synthetic manipulation of the sulfur
containing NPT dye, the organosulfur compound would be much more amenable for

widespread use as an SMLM dye.

However, although the work in this chapter did provide a valuable insight into an
interesting set of dyes, there may be little practical use for the dyes in question. They are
not useful for imaging in S. aureus cells due to photoblinking of cellular components that
would interfere with the signals from dye molecules. Indeed, at such low absorption
wavelengths this would likely be the case in many cell types. If the absorption maxima
for the dyes could be increased (e.g. by including elements from other groups of the

periodic table in the 2-position) their practicality could be improved.
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3 Rhodamine synthesis and analysis

Continuing the theme of atomic substitution, a range of rhodamine dyes were synthesised
incorporating various p-block elements at the 10 position of the xanthene moiety in order

to gauge the effect on photophysical properties and suitability for SMLM techniques.

3.1 Rhodamines in the literature

Rhodamines are commonly attributed to be the first class of fluorescent molecule
discovered and were in fact synthesised by accident. Fluorescein (Figure 3.1, 22), so
named because of its bright green colour in aqueous or alcoholic solutions, was first
synthesised in 1871 by Adolf van Baeyer via the condensation of resorcinol and phthalic
anhydride.'* In the decades proceeding this discovery, the first rhodamine dyes were
synthesised by industrial chemist Ceresole in 1887. This report showed in particular the
condensation of 3-(N,N-dimethylamino)phenols with phthalic anhydride to give a pink,
very brightly fluorescent dye that was named N,N,N’,N’-tetramethylrhodamine (TMR,
Figure 3.1, 23).1* Fluorescein and TMR are structures upon which many of the
commonly used modern dyes are based upon (e.g. AlexaFluor555, TAMRA, FITC, Texas
Red) due to their favourable properties including high quantum yields, and absorption

and emission maxima that can be easily tuned.!4®

Figure 3.1 — The structures of fluorescein (22) and TMR (23).

63



The dyes are known to be versatile scaffolds for a variety of biological probes,!#"148
including cellular stains,*4*1%° reversible®®1%2 and irreversible’®*'* indicators,
fluorogenic enzyme substrates, ' and photoactivatable dyes.’® % They can be
modified to include groups as handles for functionalisation, most commonly on the
benzene moiety (e.g. using N-hydroxysuccinimide esters or isothiocyanates), however in
most cases it is preferable to keep the carboxylic acid (or carboxylate) intact so that the
molecules can retain their photoswitchable properties. The dyes can be controllably
switched between a fluorescent ring open form and a non-fluorescent ring closed form by
varying the pH or the solvent in which the dye is dissolved (Scheme 3.1). The dyes can
be switched from their fluorescent ring open form to its non-fluorescent spirolactone form
by raising the pH above neutral, or by dissolving it in an aprotic solvent. Similarly, the
reverse process can take place by using a polar protic solvent or by adding acid to a

solution of the spirolactone. 61162

Fluorescent Non-fluorescent

Scheme 3.1 — TMR being switched from its fluorescent to its non-fluorescent form by either raising
the pH or by using an aprotic solvent (4), and back again by either lowering the pH or using a
polar protic solvent (B).

Absorption and emission maxima can be tuned across the visible spectrum by varying the
nature of the alkyl group on the dialkylaniline moieties and/or modification of the
xanthene ring system. TMR (23) exhibits a 29 nm bathochromic shift compared to its
N,N’-dimethyl analogue (Figure 3.2, 24), which is again shifted towards the red end of

the spectrum by 22 nm compared to the unalkylated variant (Figure 3.2, 25).1* Fusing
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the nitrogen substituent with the xanthene ring (Figure 3.2, 26) gives an even more

profound shift towards the red end of the spectrum by 42 nm.*63

Amax = 519 nm

Amax = 538 nm

Figure 3.2 — Increasing levels of N-alkylation causes bathochromic shifts in rhodamine dyes.

Substitutions can be made onto the xanthene ring such as halogenation (Figure 3.3, 27)
or the addition of solubilising sulfonate groups (AlexaFluor 555, Figure 3.3, 28) and this
can have a modest effect on the absorption wavelength, but much more extreme shifts
can be observed by changing the heteroatom at position 10 of the xanthene system, 64171
The absorption maximum of carborhodamine (Figure 3.3, 29) is increased by 56 nm, and
substitution for a geminal dimethyl silicon group (Figure 3.3, 30) gives a further

bathochromic shift of 36 nm.146

H2N O ‘ NH2 H2N O ‘ NH2 H2N NH2 H2N O SI ‘ NH2
; lcoz co2 co2 ; !co2

Amax = 506 nm Amax = 955 nm Amax = 952 nm Amax = 588 nm
27 28 29 30

Figure 3.3 — Modifications to the xanthene system cause bathochromic shifts in rhodamine dyes.

These effects are additive and can be exploited at the same time to give fluorophores such
as Si-TMS (also known as SiR, Figure 3.4, 31) which has a far-red absorption maximum

of 643 nm (147 nm longer than that of the unalkylated oxygen variant).®® Rhodamine
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dyes containing atoms other than oxygen do tend to have lower absorptivity in water
though, since they have a higher propensity to spend more time as the non-fluorescent
spirolactone forms.’? This shift in equilibrium increases cell permeability and can be
used as an advantage to create dyes that only emit when bound to their intended target.

Because of this, SiR is used more in SMLM imaging than any other rhodamine structure.

Figure 3.4 — The structure and absorption maximum of SiR (31).

Though TMR and SiR have both been used in SMLM imaging,®® many other atomic
substitutions have been made in the xanthene moiety, though not studied in the context
of super-resolution microscopy. This work aims to compare rhodamines containing
different heteroatoms with a view of their potential use in SMLM. To avoid having to
manage the equilibrium between the open and closed forms, the benzyl carboxylate ion
will be substituted for a methyl group. This approach will also aid in the measurement of
photoblinking activity for each dye, since removing the carboxylate moiety ensures that
blinking is the sole cause of any on/off switching observed. The methyl group will also
help to maintain the geometry of the molecules, such that the pendant aromatic group is

held perpendicular to the xanthene moiety and excluded from the conjugated system.

A major limitation in the development of atomically substituted xanthene dyes has been
the synthetic strategies used to make them which have been, to date, inefficient and

laborious. The traditional approach (Route 1, Figure 3.5) utilises an anthrone-type
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electrophile (32) and a metalated aryl species (33) to install the pendant aryl ring of the
resulting rhodamine system. This method is, however, inefficient due to electron donating
substituents on the flanks of the anthrone substrate making the ketone electron-rich and
decreasing electrophilicity. Conversely, the nucleophile is often electron-poor as a result
of the ortho- and/or para-ester substituent required for functionalisation and labelling
specificity, reducing nucleophilicity. As a result, the electronics of the reacting partners
are mismatched and syntheses often employ the use of harsh reagents such as t-

butyllithium and have poor scalability.

Route 1
\ /
RoN Si NR, M
DO -
R
O
32 33
Route 2 R,N
\ / @) OR
R,oN Si NR,
R
M M
34 35
Route 3

R,N M M NR,
‘ g + Xz
(e

37 36

2 —_—

R = alkyl, ester; X = O, S, SiR,, CR,, etc.; Z = leaving group

Figure 3.5 — Synthetic strategies for producing non-oxygenic rhodamine dyes.

An alternate synthesis (Route 2, Figure 3.5) was recently published by Grimm, and co-
workers in which the electronics of the reacting partners are reversed. This modification

uses an electron-rich bis-metalated nucleophile (34) to attack an electron-poor aryl ester
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electrophile (35). In this case the electronics of the reacting partners are matched,
enabling the use of less harsh reagents under more scalable conditions. Although this
strategy can be used to divergently synthesise rhodamine dyes with varied pendant aryl
groups, the nucleophilic xanthene precursor must be synthesised under different

conditions for every atomic variant at the 10 position of the resulting xanthene dye.

An alternate synthesis is proposed (Route 3, Figure 3.5), in which an electrophilic source
of the desired heteroatom (36) is reacted with a bis-metalated xanthene precursor within
which the aryl pendant is already installed (37). In the simplest case, this precursor can
be synthesised in one high-yielding Friedel-Crafts reaction. Although the electronics of
the reacting partners are not as well matched as in route 2, this route allows for any
number of heteroatomic variants to be synthesised so long as an appropriate electrophile
can be purchased or prepared. This method has been exploited by several researchers to
synthesise a range of non-oxygenic TMR derivatives (including phosphorus, bismuth,

and others),*"®1# put has not been used to divergently synthesise a range of dyes.

3.2 Dye synthesis
Variants of TMR containing different heteroatoms are most often synthesised by first
condensing two molecules of 3-bromo-N,N-dimethylaniline (38) with formaldehyde to

form a methylene bridge (39, Scheme 3.2).

MesN Br NMe,
MesN Br i
= O
10%
Br

38 39

Scheme 3.2 — Synthesis of bis aryl bromide 39 using formaldehyde solution. i) H;CO (37% w/v in
H,0), AcOH, 60 °C, 30 min, 10%.
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The yield of this reaction was poor, so in an attempt to improve it an alternate source of
formaldehyde was used. When hexamethylenetetramine (40) was used as the source of

formaldehyde, there was a substantial increase in yield to 57% (Scheme 3.3).

Me,N Br NMe, N
Me;,N Br i |/ \I
T —- .Y
57% NN

Br
38 39 40

Scheme 3.3 — Synthesis of bis aryl bromide 39 using hexamethylenetetramine (40). i) AcOH, 40,
60 °C, 24 h, 57%.

With the bis-aryl bromide (39) in hand, subsequent functionalisation was attempted.
When the traditional route (Route 1, Figure 3.5) was attempted using MezSiCl; as the
electrophile the first step was unsuccessful (Scheme 3.4). Despite the reaction being well
precedented, the reaction failed in our hands, and no organic material could be isolated

after the reaction was worked up despite the consumption of the starting material.

39 41

Scheme 3.4 — Attempted synthesis of ketone 41 and subsequent reaction. i) s-Buli, THF, 78 °C.
ii) Me>SiCl, -78 °C — rt. iii) KMnQOy, acetone, -15 °C, 2 h.

Since this approach was ineffective, the synthesis was approached via the new, proposed
synthesis (Route 3, Figure 3.5), and if it was not possible to add the o-tolyl moiety at the
end of the synthesis it would instead be added at the start. Initial attempts at condensing

the bromide (38) with 2-methylbenzaldehyde (42) were not particularly fruitful under
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various conditions (using p-toluenesulfonic acid monohydrate [PTSA.H20] in toluene,
with and without using molecular sieves, or using 1 M HCI as solvent) that had been
documented in the literature,'”3" so a range of Lewis acids were trialled. Of the three
Lewis acids used (Bi[NOz]3.5H20, AICl3, and TiCls), only titanium(1V) chloride enabled

the reaction to proceed, with a good conversion of 61%.

Table 3.1 — Reaction optimisation for the condensation of aryl bromide 38 and aldehyde 42.

Me,N Br. NMe,
H
Me,N Br GHO Additive O O
B
16 h Br O

38 42 43
Entry Solvent V/o#:re Additive (X) E)?' 'I;eorgp Cor}‘gzriion
1 PhMe 5 PTSA.H.0 1 rt 3
20 PhMe 10 PTSA.H,0 1 rt 0
3¢ HCI(@2M) 10 - - rt 0
4 DCM 2 Bi(NO3)3.5H.0 1 rt 0
5 DCM 2 AlCl3 1 rt 0
6 DCM 2 TiCly 1 rt 61
7 DCM 2 TiCls 1 50 85
g d DCM 2 TiCls 1 -78tort 35
9 DCM 10 TiCly 1 rt 63
10 DCM 2 TiCly 1.5 rt 36

2 Calculated by comparison of appropriate peaks in the *H NMR spectrum. ® Using 4A molecular sieves. ©
Reaction time of 3 days. ¢ Aldehyde and TiCl, pre-mixed at -78 °C before adding the aryl bromide and
allowing to return to room temperature.

At this stage the reaction was optimised and it was found that heating the reaction at reflux
gave the best conversion (Table 3.1), however under these conditions (Entry 7) the
solvent evaporated over the course of the reaction. Since an increased solvent volume had

no effect on the conversion (Entry 9), and to avoid having to use a sealed tube, the reaction
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was conducted at reflux in a larger volume which, after trituration from chloroform and

methanol, gave the desired dibromide (43) in 75% yield.

With the dibromide (43) in hand, it was possible to diverge and synthesise a range of
rhodamine dyes containing different heteroatoms at position 10 of the resulting structure.
To install the heteroatoms, the dibromide (43) was treated with s-BuL.i at -78 °C before

adding an electrophilic source of the desired heteroatom (E, Scheme 3.5).

®
MeoN Br NMe, MesN X NMe,
O ‘ i, ii, iii, iv, v O /
— cI©
‘Q g
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Scheme 3.5 — Insertion of electrophiles into position 10 of the xanthene moiety. i) s-BulLi, -78 °C,
1h i) E, -78 °C—rt, 16 h. iii) HCL. iv) K:COj;. v) Chloranil.

In this study, the inclusion of various p-block elements into position 10 of the xanthene
moiety aimed to discern the effects of including atoms not only from different periods of
the periodic table, but also different groups and oxidation states (Table 3.2). It was of
particular interest to how the photophysical properties of these o-tolyl variants compared
to the parent carboxylate, especially in the context of their ability to exhibit reversible

photoblinking.

The methyl group of the o-tolyl moiety mimicked the carboxylate group used in most
rhodamine syntheses by introducing steric bulk, forcing the pendant aromatic group to
rest perpendicular to the plane of the xanthene rings. This ensured that conjugation could
not be continued into the benzene ring, thus altering the photophysical properties of the
molecules. This rotameric behaviour was observed in computational geometric

optimisation (Figure 3.8, page 80).
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Table 3.2 — Details of the electrophiles used in the divergent synthesis of various heteroaromatic
rhodamine dyes.

Entry E X (name, number)  Yield /% ?
1 B(OMe)s BOMe (BOMeR, 44) 0
2 Trimethyl boroxine  BMe (BMeR, 45) 0
3 PhBClI> BPh (BPhR, 46) 0
4 (Et0).CO C(allyl); (CR, 47)® 0
5 Si(Me)2Cl: Si(Me): (SiR, 48) 8
6 Ge(Me)Cly Ge(Me). (GeR, 49) 60
7 CI2NTs NTs (NR, 50) 0
8 i-Pentyl nitrite NO (NOR, 51) 46
9 CI,POEt P(OEt) (P[IN]R, 52) 0
10 Cl,POEt PO, (P[V]R, 53) ¢ 10
11 SOCI» S(O) (S[IV]R, 54) 0
12 SO.Cl S(O)2 (S[VI]R, 55) 0
13 Davis reagent O (OR, 56) Trace
14 02 (gas) O (OR, 56) 0
15 - H, H (HR, 57) 57

2 Refers to isolated product. ® After three steps. ¢ After two steps.

In some cases it was found that the electrophile was not suitably reactive and the correct
product was not observed (Table 3.2, entries 1 — 4, 7, 9, 11 — 14). After lithium-halogen
exchange, instead of reacting with the electrophiles, the lithiated intermediate was
quenched and protonated on work-up to give a methine containing compound (58). On
addition of chloranil this structure was oxidised, extending the conjugated system to give
a tris-aryl species, which will be referred to as hydrogen rhodamine (HR, 57, Scheme

3.6), and caused the sample to turn blue.

The fact that HR exists and has similar photophysical properties to many existing
rhodamine dyes (Table 3.5) may suggest that, in some cases, the heteroatom at position

10 of the xanthene structure may not be involved in the conjugated systems of the
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compounds. This was also observed in computational studies of geometric optimisations
(Figure 3.8, page 80). If this is the case, tuning emission wavelength using variation at
position 10 may only be a result of differences in electronegativity or molecular distortion

as a result of greater atomic radius.

Me,N Br. NMe, Me,oN
O O RLi
H —_—
Br O then HCI
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Scheme 3.6 — Dibromide 43 is protonated after lithium-halogen exchange to tris-aryl 58, before
oxidation to lose the highlighted methine proton and give the fully aromatised species 57.

It was possible to observe this process using *H NMR spectroscopy. The methine proton
of the dibromide starting material (43) gives a singlet in the *H NMR spectrum at 5.95
ppm and shifts to 5.51 ppm after quenching the lithiated species. After oxidation with
chloranil, this peak no longer appears in the *H NMR spectrum. These results were
confirmed using high resolution mass spectrometry. Molecular ion peaks were observed
at m/z 501.0536, 503.0522, and 505.0503 (1:2:1 ratio, [M+H]") for the dibromide starting
material (43), at m/z 344.2325 ([M+H]") for the quenched, protonated lithiated species

(58), and at m/z 343.2167 for the oxidised product (57).

In the attempted syntheses of boron variants (Table 3.2, entries 1, 2, 3), three boron
electrophiles of varying electrophilicity were trialled but none gave a positive result.
Although carborhodamines have been previously synthesised via other routes (e.g. Figure
3.3, 29),28 it was not possible to directly synthesise an analogue where X = C(Me) (Table

3.2, entry 4) from dibromide precursor 43 due to a lack of suitable doubly reactive
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electrophiles. The synthesis of a carbon rhodamine analogue was attempted in three steps

but again was unsuccessful (Scheme 3.7).

Q @
MesN Br: NMe, MeoN NMe,
O e
—_—
Q 9
43 59

Scheme 3.7 — Proposed three-step synthesis of C(allyl); rhodamine (47). i) s-BulLi, then CO(OEt);,
ii) Allyl magnesium bromide. iii) Titanium(1V) tetrachloride, allyl trimethylsilane.

The carbon atom was intended to be introduced after lithium-halogen exchange of
dibromide 43 using diethyl carbonate to give a ketone intermediate (59). Unfortunately,
the initial incorporation of the carbonyl group was not possible and there was no reaction
with the carbonate (as proven by mass spectrometry). In the case of both the boron and
carbon rhodamine analogues, purity of the electrophiles may have been an issue, since
the reagents are hygroscopic, and the presence of water could have hydrolysed the reagent
or quenched the lithiated species. Due to time restrictions it was not possible to investigate

other synthetic routes to the boron or carbon containing rhodamines.
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It would have been beneficial to have been able to synthesise a nitrogen containing
rhodamine derivative, however, bis-electrophilic sources of nitrogen are scarcely found.
Initial attempts using N,N-dichloro-4-methylbenzenesulfonamide (CI.NTs, Table 3.2,
entry 7) were not successful, and the protonated by-product (HR, 57) was seen instead.
The poor electrophilicity of the sulfonamide could be attributed to the large amount of
steric bulk that exists around the nitrogen atom, blocking an attack from a hindered

nucleophile such as the aryl lithium species used in this study.

The next attempt at synthesising a nitrogen-containing rhodamine used i-pentyl nitrite as
the electrophile (Table 3.2, entry 8). Since there is much less steric congestion around the
electrophilic nitrogen atom in isoamyl nitrite, an N-oxide moiety was successfully
inserted into the xanthene structure (NOR, 51). The structure of the acridine-like structure
was determined to be an N-oxide. Since it was possible to obtain a proton NMR spectrum,
it was unlikely to be a stable oxygen radical species (62) as radical species are
paramagnetic, and since there was no evidence to support the presence of a
hydroxylamine moiety by IR or *H NMR spectroscopy in ds-DMSO, it was determined
that the structure was most likely to be an acridine N-oxide (51) in which the nitrogen
atom is involved in the aromatic system and the compound is neutral overall, as opposed

to a cationic hydroxylamine structure (63, Figure 3.6).

> \ 0 OH .
MezN N NM92 MezN N: NM62 MezN N NMez
oS D oS

62 51 63

Figure 3.6 — The possible structures of NOR. From left to right: oxygen radical (62), N-oxide
(51), and hydroxylamine (63).
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It was noted that the colour of NOR (51) was red, not blue like the other successfully
synthesised analogues (Amax recorded in Section 3.3), indicating that the electronic
structure may differ from the other rhodamine compounds. It appeared that the P(I1I)
derivative (Table 3.2, 52, entry 9) was not isolable, but the P(V) analogue (Table 3.2, 53,
entry 10) was. Despite the use of the same P(Il1) electrophile, to synthesise the P(V)
containing xanthene structure (53) an oxidation using hydrogen peroxide was required
before chloranil aromatisation. Interestingly, no P(111) rhodamines have previously been
reported, but P(V) rhodamines have appeared frequently in the literature since
2015173176178 | each of these cases, where a phosphorus electrophile was used, a P(l11)
reagent is inserted into the framework then oxidised to the final P(V) species before
aromatisation of the xanthene construct. It has been suggested that oxidation of the
phosphorus atom to the corresponding phosphine oxide increases the chemical stability
of the n-skeleton by offering effective conjugation between c*-n* orbitals.}”” This implies
that the P(I11) rhodamine was not sufficiently stable and decomposed to the protonated

species HR (57) during work-up, which was detected using mass spectrometry.

Scheme 3.8 — Conversion of phosphinic ester 64 to a phosphinic anion under acidic conditions.

Interestingly, the treatment of the P(V) analogue with TFA to change the counter ion

caused the ethyl group to be removed, leaving a phosphinate anion behind (Scheme 3.8),
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as evidenced by 'H NMR, 3P NMR and mass spectrometry. This has been observed in

the past when phosphinic ester 64 was treated with 9N HCI at reflux overnight.*’3

The synthesis of sulfur containing derivatives was attempted (Table 3.2, entries 11 and
12), using two di-electrophilic sulfur compounds in different oxidation states were used,
however, neither of these reactions gave the desired products. It is known that some S(1V)
and S(V1) chlorides can be electrophilic at the chlorine atoms.2’®18 |n this case, continued
lithium halogen exchange is possible but the lithiated species no longer has an
electrophile to attack. An alternative argument could be that the sulfur atoms of each
electrophile were too sterically congested, preventing attack from the bulky nucleophile.
In either case, the result would be the protonated analogue, HR (57), which was observed

when using both the sulfoxide and the sulfone electrophiles.

It was not possible to access a true rhodamine where X = O (Table 3.2, entries 13 and 14)
via this methodology. When using the Davis reagent (Figure 3.7) trace amounts of the
desired TMR analogue were detected by mass spectrometry, but not in isolable quantity.
The reaction was reattempted using gaseous oxygen, however, LCMS showed no
evidence that the lithiated nucleophile had reacted with oxygen gas, and HR (57) was
isolated. In future, copper catalysis could be used to try to facilitate incorporation of an
oxygen atom.'81182 Since silicon rhodamines are more widely used for SMLM imaging,

OR (56) was no longer pursued as a synthetic target.

Figure 3.7 —The structure of the Davis Reagent.
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A mass spectrometry study during the synthesis of the germanium analogue (49) showed
that, although a small proportion of the fully aromatised xanthene structure had formed
before the addition of chloranil, the majority of the sample existed as the intermediate in
which the central ring contained a saturated carbon centre (65, Scheme 3.9). Further mass
spectrometry analysis undertaken after reaction with chloranil showed that the majority
of this intermediate had been successfully converted to the fully aromatised xanthene

target compound.

— - C)
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Scheme 3.9 — After reaction with an electrophile the compound exists as an intermediate which is
not fully unsaturated (65). Further reaction with an oxidant aromatises the system.

The counter ion in all cases was assumed to be chloride on account of the work up using
hydrochloric acid. However, since the nature of the counter ion was an assumption, all
compounds were converted to the trifluoroacetate salt by either stirring in a 1:1 mixture
of TFA and dichloromethane for one hour, or using HPLC purification using 0.1% TFA
in water as a cosolvent, conditions allowing. It was noted that, under strongly acidic
conditions, all of the fluorophores changed colour from blue to orange. This colour
change was reversed when the samples were evaporated to dryness. A recent study has
shown that subjecting rhodamine dyes to very low pH conditions alters the emission
wavelength.!8 With 500 equivalents of TFA the rhodamine compound went from

emitting at 625 nm to 425 nm due to protonation of both aniline nitrogen atoms.
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After the successful synthesis and HPLC purification of five rhodamine analogues, their
photophysical properties were analysed. As with the NBD derivatives (Section 2.5),
geometrically optimised structures and HOMO and LUMO energies were calculated so
that they could be compared to experimental measurements, and qualities such as
quantum vyield (®), fluorescence lifetime (t), blink rate and duty cycle were compared to
existing dyes used for SMLM imaging in order to determine how suitable each dye is for

localisation microscopy.

3.3 Computational studies and solution phase analysis

In order to predict the photophysics of the heteroaromatic analogues, computational
studies were conducted in which the geometry of each successfully synthesised dye was
optimised (Figure 3.8) before calculating the energies of the HOMO and LUMO
molecular orbitals (Table 3.4). The structure and molecular orbital energies of the oxygen
containing rhodamine were also calculated for comparison. The methods and basis sets
used to perform the calculations were identical to those detailed for the benzodiazole

series of compounds (Section 2.5).

Interestingly, when the structures were optimised the heteroatom at position 10 of the
xanthene moiety did not appear to be involved in the dyes’ conjugated systems (Figure
3.8). Although the CX bond lengths for the first row elements (CO 1.36 A in OR, and CN
1.38 A in NOR) correlated well with documented bond lengths of similar aromatic species
(CO 1.368 A in furan, and CN 1.384 A in pyridinium N-oxide),'®*® the second row

elements tended to have longer bonds more similar in length to CX single bonds.

In SiR (48) the CSi bonds were calculated to have an average length of 1.88 A which is
more similar to the C-Si single bond length of 1.89 A than the C=Si bond length or the

aromatic CSi bonds in silabenzene (1.70 A and 1.77 A, respectively).*®® Similarly the
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CGe bonds in GeR (49) were calculated to have an average length of 1.96 A which

correlates to a C-Ge single bond (1.98 A).1¢7

The CP bonds in the phosphorus derivative (P[V]R, 53) were calculated to have an
average length of 1.81 A, which is again much closer to the C-P single bond length of
1.84 A than the C=P double bond length (1.64 A) or the aromatic CP bonds in a
phosphorine compound (1.75 A).18:18 These calculations support the hypothesis that the
heteroatom at position 10 of the xanthene structure may not always be involved in the

conjugated systems of rhodamine dyes.
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Figure 3.8 — Geometrically optimised structures of xanthene based dyes as viewed in the same
plane as the conjugated system. A) X = O (56), B) X = Si(Me), (48), C) X = Ge(Me)> (49), D) X
=PO; (53), E) X=NO (51), F) X=H, H (57).
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It was noted that as atomic radius increased, there was significant distortion in the
molecules to accommodate them. Elements from the first row of the periodic table fit well
into a regular hexagonal structure (Figure 3.8A and E), but elements from the second row
(e.g. silicon and phosphorus, Figure 3.8B and D, respectively) produced large distortions.
When an element from the third row was included (germanium, Figure 3.8C), there was
distortion of the central ring, but of approximately the same magnitude as the second row
elements. These distortions were quantified in terms of the C-X-C bond angle and the
average C-X bond length to measure the degree of distortion to accommodate larger

atoms (Table 3.3).

It was also evident, when viewing the molecules by looking down at the heteroatom
(Figure 3.9), that as well as distorting the ring system outwards towards the
dimethylamino moieties, some atoms sat out of the plane of the conjugated system.
Although most of the structures remained planar, this effect was very pronounced in the
structure of P(V)R (53, Figure 3.9E) and was quantified by measuring the average C-C-

C-X dihedral angle (Table 3.3).

b & . >
\"é«\ (WY WS e L—{.» Ui > ,‘\
"f\' Lzs nzn ”2‘ tz\ ,1? ~
< ¢ . b4 : % 2
coped Ledd bedd cosed. taced. >
(9 (" . [ S * s ¢ 6 © [ [ ¢ “ ﬁ—"
A T T A T 1
\QL “b* . - u",g \bt ,3‘\
d‘.. A oo B s(:\ C ‘f.. D e E P F

Figure 3.9 — Geometrically optimised structures of xanthene based dyes as viewed looking down
at the heteroatom in position 10. A) X = O (56), B) X = Si(Me), (48), C) X = Ge(Me), (49), D) X
=NO (51), E) X=PO> (53), F) X=H, H (57).

There is an even more drastic staggering of the protonated species (HR, 57, Figure 3.9F),

in which the dihedral angle is 26.76°. The twisting observed in this molecule avoids steric
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clash and accommodates the protruding C-H bonds, but is kept to a minimum so that
conjugation is still possible between the two aniline rings. Effective conjugation in
torsionally strained compounds has been recorded experimentally in the literature at
angles of up to 54.7°,2%18 and one model calculates an upper bound of 80° for

conjugation between non-linear conjugated systems. %

Table 3.3 — Measurements of the geometrically optimised rhodamine structures.

Avg. C-X bond C-X-C bond Avg. C-C-C-X
Entry  Compound )
length / A2 angle/°? dihedral angle / ° @
1 OR (56) 1.36 121.23 0.06
2 SiR (48) 1.88 102.74 0.03
3 GeR (49) 1.96 101.08 0.09
4 NOR (51) 1.38 120.46 0.13
5 P(V)R (53) 1.81 103.81 4.68
6 HR (57) - - 26.76

a Calculated using Gaussian 09 using DFT theory with a B3LYP 6311g (d,p) basis set.*®

Like the benzodiazole dyes (Table 2.3, Section 2.5), the calculated Amax for the rhodamine
dyes in this series were shorter than the experimentally measured values but were
predicted in the correct order. The percentage of hybrid functional (HF) exchange (used
to approximate an ab initio calculation to save on computation time in which electrons
are expressed in terms of orbitals rather than density) is low in the B3LYP basis set which
limits the accuracy of the calculated eigenvalues.'®! It was predicted that the N-oxide
rhodamine (NOR, 51) would have a significantly lower absorption wavelength than the
other rhodamine derivatives, that the silicon containing rhodamine (SiR, 48) would
absorb at a lower wavelength when compared to the other dyes, and that the P(V)
rhodamine (P[V]R, 53) would absorb at the longest wavelength. The major component

of all Sg — S; transitions was attributed to a HOMO — LUMO transition.
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Table 3.4 — Calculated energies of the geometrically optimised rhodamine structures, as
compared to experimental values.

Calculated )
HOMO - LUMO  Calculated ) Experimental
Entry Compound _ oscillator
difference /eV?®  Amax/nm? Amax / nm P
strength
1 SiR (48) 2.7448 568 1.2868 530
2 GeR (49) 2.5007 560 1.3365 633
3 NOR (51) 3.0126 436 0.0716 467
4 P(V)R (53) 2.3328 602 1.1171 666
5 HR (57) 2.5500 552 1.2739 618

2 Calculated using Gaussian 09 using TD-SCF DFT theory with a B3LYP 63119 (d,p) basis set and was
solved for N=100 states.'®> ® Measured in water.

The absorption maxima (Table 3.5, Figure 3.10A) of GeR, P(V)R, and HR (49, 53, and
57, respectively) were in the red region of the visible spectrum, as expected, and were
close to, if not exactly the same, as those documented in the literature. GeR (49) had a
measured absorption maximum of 633 nm compared to a literature value of 635 nm,”
and P(V)R (53) had a measured absorption of 666 nm which is identical to the literature
value.!”® The measured absorption maximum of 618 nm for HR (57) was identical to the
recently published data for the compound with a chloride counter-ion.*? The oscillator
strength of the So — Sy transition for NOR (51) was calculated to be vastly lower than
those of the other rhodamine analogues, and this is reflected in the experimentally

measured molar extinction coefficient (Table 3.5).

Although the structure of the silicon containing analogue SiR (48) had been verified as
correct using spectroscopic analysis and the purity from HPLC purification and LCMS,
it was puzzling that the measured absorption curve (with a maximum of 530 nm), had the
right shape, but the absorption maximum was much shorter than the maximum previously

reported in the literature (646 nm).”® One potential reason for this would be that the
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spectral measures in this study were taken in water, whereas in the literature spectra had
been reported in phosphate-buffered saline (PBS) with 0.1% DMSO. In this case,
however, it would also be expected that the spectral measurements for GeR (49) would
be shifted since the published measurements were also taken in PBS.”® However, the
reported absorption maxima does vary in previously published articles, and has been
reported to be as low as 500 nm.%"® This difference may be due to the dye existing in an
alternative structure before absorption, which transforms to the ‘classical’ SiR structure
after photon absorption. This is supported by an excitation maximum in line with the

published absorption maxima for the dye (Figure 3.10C).

The fact that the absorption maximum of NOR (51) was so much lower than those of the
other rhodamine analogues further reinforces a vastly different electronic structure. The
absorption curve for this compound was also differently shaped to the other rhodamine
analogues (Figure 3.10A). The measured absorption maximum of the N-oxide (51) was
467 nm and was measured in water. This value is similar to an acridine N-oxide whose

absorption maximum was measured to be 438 nm in both THF and acetonitrile.'%3

Table 3.5 — Summary of photophysical measurements of the five rhodamine derivatives.

7\,max / nm a € /
Entry  Compound ®/%°¢ t/nstd
Abs Em MZcm™P
1 SiR (48) 530 678 120,000 7.9 2.19
2 GeR (49) 633 651 48,000 0.7 413
3 NOR (51) 467 556 2,500 03.3 3.95
4 P(V)R(53) 666 702 18,000 14.0 3.78
5 HR (57) 618 652 44,000 5.3 1.85

2 Absorption and emission were measured using 100 mm solutions. ® Molar extinction coefficients
were extrapolated from calibration curves plotted using solutions with concentrations between 10-100
mm and are correct to two significant figures. ¢ Quantum yield measurements taken using an
integration sphere and compared to BODIPY-Br with a quantum yield of 7.5%. ¢ Excited state lifetime
measurements were taken using a time-correlated single photon counting method for time-resolved
photoluminescence.
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Despite the discrepancy between the measured and the literature absorption maximum for
SiR (48), the measured emission maximum (Table 3.5, Figure 3.10B) for the compound
(678 nm) is closely matched to the previously documented value (660 nm). The emission
maxima of GeR and P(V)R (651 and 702 nm, 49 and 53, respectively) were similar to the

values reported for those compounds in the literature (649 and 685 nm, respectively).’0173
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Figure 3.10— Photophysical measurements of the five synthesised rhodamine dyes. A) Normalised
absorption spectra, B) Normalised emission spectra, C) Normalised excitation spectra, D)
Calibration curves used to calculate molar absorption coefficient.

There did not appear to be a trend in the molar extinction coefficients of the various

rhodamine dyes (Table 3.5, Figure 3.10D). The value calculated for SiR (48) was

particularly high compared to the other analogues, but was in line with values previously
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stated in the literature.1’%1"* Conversely, the calculated extinction coefficient for NOR

(51) is much lower than the other rhodamines.

As with the benzodiazole series, dyes with heaver atoms in their aromatic system had
lower quantum yields (e.g. ¢sir = 7.9% and dcer = 0.7%). This can, again, be attributed
to the heavier atom increasing the probability of transfer of an excited electron to the
triplet state via intersystem crossing. It was noted that, despite having a much lower molar
extinction coefficient, the quantum yield for NOR (51) was particularly high at 93.3%.
This, again, suggests the electronic structure of the dye is vastly different to the other
rhodamine analogues (since it is preferable for an excited electron to radiatively decay,

rather than undergo intersystem crossing to another electronic state).

Again, there was no trend in the values measured for the excited state lifetimes of the five
molecules (Table 3.5). The values of the molecules were, however, all very similar,
suggesting that they share similar properties (e.g. blink rate) under SMLM conditions.
The excited state lifetimes of SiR and HR (48 and 57, respectively) were measured to be
approximately half of the measured values for the other three derivatives. A less stable
excited state (indicated by a shorter excited state lifetime) may be indicative of a faster

blink rate, as these molecules may be more likely to transition to their dark state.

SiR, GeR, P(V)R, and HR (48, 49, 53 and 57, respectively) were all photostable to
continued laser irradiation at 100 mW for 1 hour (Figure 3.11). On the addition of -
mercaptoethylamine (MEA), fluorescence was quenched, and only the brightest dyes
(SIR and GeR, 48 and 49, respectively) exhibited detectable fluorescence (Figure 3.11A,
B). This loss of fluorescence intensity was attributed to the formation of a stable, non-
fluorescent tertiary radical species (Scheme 3.10), whose stability stems from being alpha

to three aromatic systems.50:194:19
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Scheme 3.10 — Reversible formation of a stable radical in rhodamine dyes on exposure to thiols.

Some fluorescence intensity was recovered with the addition of GLOX buffers in GeR
and HR (49 and 57, respectively) dyes, however, even if the fluorescence intensity
increased in the GLOX buffer, there was no decay over the course of 1 hour, and the dyes
were still photostable (Figure 3.11B, C). This suggested that the dyes may not be suitable
for SMLM imaging. It may be that the photoblinking observed when using rhodamine
dyes is purely based on the ring opening/closing between the open and spirolactam forms
(Scheme 3.1, page 64), as opposed to having an electronic dark state. Indeed, it may not
be possible for the xanthene moiety to exhibit photoblinking under normal dSTORM
conditions in the absence of a 2-carboxyl moiety on the pendant aryl ring. In order to test
whether this method of solution phase analysis is suitable for SMLM dye assessment,

observation of the dyes blinking under SMLM conditions must be undertaken.

Again, the N-oxide rhodamine (51) behaved differently to the other dyes in that it was not
photostable to continued laser irradiation, and was not initially quenched by MEA (Figure
3.11D). However, although fluorescence intensity did slowly decrease over time, there
was no recovery of fluorescence intensity when oxygen was reincorporated into the
sample by agitation. Interestingly, fluorescence intensity increased in the presence of
GLOX buffer. N-Oxides have previously been shown to quench fluorescence,%% so the
rise in fluorescence intensity could be explained by the presence of the GLOX system,
which removes oxygen from the system (thus leaving only one fluorescence quenching

species in solution).
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Figure 3.11 — Fluorescence intensity over time with continued laser intensity for the five
rhodamine derivatives. A) X = Si(Me): (48), B) X = Ge(Me)>(49), C) X = H, H (57) D) X = NO

(51), E) X = POy (53).
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3.4 PVA blinking studies

Since GLOX buffer had previously been confirmed as the superior buffer system for
SMLM imaging with the benzodiazole dyes, only this system was used to test the blinking
activity of the rhodamine dyes. The dyes were, once again, suspended in PVA matrices

on glass slides and imaged 30-60 minutes after the addition of GLOX buffer.

Despite the photostability of SiR, GeR, P(V)R, and HR (48, 49, 53, and 57, respectively)
in solution (Figure 3.11A, B, C, E), and the inability of NOR (51) to recover any
fluorescence intensity after bleaching (Figure 3.11D), all dyes exhibited photoblinking
activity under the microscope when suspended in a PVA matrix in the presence of GLOX
buffer. However, despite this positive outcome the solution phase bleaching experiments
were then deemed unreliable for predicting the SMLM suitability of fluorophores due to

their inability to predict the photoswitching behaviour of the five rhodamine derivatives.

Table 3.6 — Blink analysis of the various rhodamine derivatives.

Average blink density /  Average ontime/  Average number of

Dye pum=2P s¢ cycles ©
SiR (49) 2.59 0.29 1.9
GeR (48) 60.57 0.23 1.9
NOR (51) 4.28 0.21 1.6

P(V)R (53) 3.75 0.13 1.4
HR (57) 6.85 0.21 3.3
Control ¢ 0.03 0.06 1.0

2 All dye solutions were diluted to 1 x108 M in 1 wt% PVA (48,000 MW) in distilled water. Andor Solis
was used with Fiji®®2 and the ThunderSTORM plugin® to record and analyse blink data. ® Calculated
as the number of blinking events captured within a specified area over the duration of the experiment. ¢
Calculated by plotting z-axis profiles of pixel intensity for individual molecules. ¢ 1% PVA solution
dropped onto microscope slide with no dye.

In most cases, the five dyes performed very similarly to each other. GeR (49) had a very

large blink density of 60.57 which was an order of magnitude larger than the other dyes.
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This may, however, be as a result of having the best absorption spectrum overlap with the
647 nm laser, resulting in more fluorophores being activated at any one time.
Nevertheless, this result should not be discounted since 647 nm is one of the most
commonly used lasers in super-resolution imaging labs due to the popularity of the dye
AlexaFluor 647.1% As such, it is favourable to be able to synthesise dyes that have good

spectral overlaps with commonly used lasers.

The phosphorus containing dye (P[V]R, 53), on average, fluoresced for approximately
half the time that the other rhodamine analogues did. This suggests that the dark state is
more easily accessible for this dye as it is able to transition to the dark state more quickly.
Conversely, it may be more difficult for the phosphorus dye to exit the dark state, as
reflected by the slightly lower number of blinking cycles. In this case it could be inferred
that the dark state is more stable. The nature of the dark state may either be the radical,

or this could react with the thiol in solution to give a protonated species (FIG).

MezN X NM62 MezN X NM62
. —_—
Ar Ar H

Scheme 3.11 — Proposed protonation of a radical rhodamine species to give a protonated
analogue.

Molecules of HR (57) tended to blink many more times than the other dyes. If the dark
state in these molecules is due to a stable radical (Scheme 3.10) it may be that the
orientation of the three aryl rings (Figure 3.8) cannot provide sufficient orbital overlap to
stabilise the benzyl radical. If this radical is indeed less stable the dye would decay back
to the ground state more quickly, giving the dye more opportunity to blink on multiple

occasions. In all cases the dyes blinked relatively slowly, and at similar rates to NPT- and
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NPSe-APTES (7 and 8, respectively) over the course of the experiment and were deemed

to blink at a suitable rate for SMLM imaging.

Again, z-axis profiles that were converted to on/off trajectories were used to extract data
about the dyes. Since the camera that had been used to study the rhodamine dyes had been
replaced (with the Andor iXon Ultra 888), new parameters had to be used to calculate
data. The threshold for deciding whether a dye was emitting at a sufficient level was

raised to 500 counts.

In this case the analog-to-digital conversion ratio was not so simple. The calculation in
this case was a four-step process, as defined by the manufacturer in their user manual
(Figure 3.12) based on intrinsic properties of the dyes (quantum vyield, QY) and the
camera (bias offset and pre-amplification factor), as well as the EM gain (set by the user

before taking data).

Based on an average noise signal of 200 counts and a dark current of 0.00025 amps
(specified in the manufacturer’s user manual), the value used to account for the bias offset
and pre-amplification factor (pre-amp) was -199.9875, and whle imaging the EM gain
was set at 50. The number of electrons detected was converted to a number of photons by

multiplying by the quantum yield measured at the wavelength of maximum emission.

Signal -bias offset | Actyal signal + Pre-amp [ glectrons from
(in counts) - (in counts) - signal
= EM gain
A 4
Photons from | x QY at A,y (€m) Electrons from
signal ) signal

Figure 3.12 — The process used to calculate the number of photons detected per blinking event.
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Though the average numbers of photons detected per blinking event do look very
different between dyes, the values do reflect the magnitude of the quantum yield for each
dye (Table 3.7). Although the number of photons detected for the germanium containing
dye (GeR, 49) is low at only 66.0 photons, the fact that the blinking events could be
reliably detected by the camera means that the dye is appropriate for use in SMLM
imaging. The rest of the dyes emitted detectable photons at similar magnitudes to dyes in

the literature with similar structures.42

The on/off duty cycles of the five rhodamine derivatives were of an appropriate
magnitude for the dyes to be practically useful for SMLM imaging, and comparable to

the top-performing dyes currently used, as analysed by Dempsey, and coworkers.4?

Table 3.7 — Further blink analysis of the rhodamine derivatives, as compared to their measured
quantum yields.

Dye ®/% Avg. photons detected per blink ¢ Avg. on/off duty cycle
SiR (49) 7.9 832.1 0.0037
GeR (48) 0.7 66.0 0.0029
NOR (51) 93.3 11886.3 0.0024
P(V)R (53) 14.0 1148.0 0.0012
HR (57) 5.3 127.7 0.0048

a All dye solutions were diluted to 3 x10® M in a 1 wt% PVA (?8,000 MW) in distilled water. FITC
filter cube was used. Andor Solis was used with Fiji,**2 and the ThunderSTORM %It,{?m to record and
analyse blinking data.® ® A: Dye solution with MEA (0.1 M); B: Dye solution with MEA (0.1 M) and
GLOX buffer. ¢ Calculated based on the analog-to-digital ratio for the camera used (Andor Zyla SCMOS)
being 0.28 as stated in the manufacturers specifications.

It was suggested that because SiR and HR (48 and 57, respectively) had lower excited
state lifetimes, their blinking behaviour may be different. The duty cycles of these two
molecules were notably higher than the other three rhodamine analogues (i.e. these
molecules spent more time in their ‘on’ state than the other molecules). In HR (57) this

may be as a result of a higher number of blinking cycles, which in turn may be attributed
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to a less stable excited state, as evidenced by the molecule having a low excited state
lifetime. In SiR (48) this can be attributed to molecules being ‘on’ for longer periods of

time, despite having a similar number of blinking cycles compared to the other dyes.

3.5 Conclusions

In summary, it was possible to synthesise a range of rhodamine-like dyes with
heteroaromatic substitution at the 10-position of the xanthene structure. The introduction
of larger atoms led to the distortion of the central ring, resulting in a change in intrinsic
photophysical properties such as emission maxima and quantum yield. An N-oxide
acridine-type dye (NOR, 51) was synthesised and was found to have drastically different

photophysical properties to the other structural analogues.

Despite these differences in photophysical behaviour, the dyes performed remarkably
similarly under SMLM conditions, with few exceptions. The majority of dyes also
performed similarly in bleaching experiments, in that little to no bleaching was observed.
Conversely, the N-oxide acridine dye (51) did exhibit photobleaching during the solution-
phase bleaching experiments but it was not possible to restore fluorescence intensity with
the reincorporation of oxygen into solution. None of these results reflected the observed
photoblinking behaviour of the dyes when suspended in the PVA matrices, and as such
the bleaching experiments were deemed unreliable for the prediction of whether or not a

dye would be useful for SMLM imaging.

As for the suitability of the dyes for super-resolution techniques, each dye performed well
and had parameters (e.g. number of cycles, photons detected, duty cycle) in line with dyes
that are currently used to capture super-resolution images. As well as this, the synthesis
of each dye was identical with the exception of the use of a different electrophile in each

case, meaning that no dye is more difficult to obtain than any other. As such, all five dyes
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could be considered viable choices, however, it is important to consider the wavelength
of lasers available. In this case the germanium containing dye (GeR, 49) outperformed
the other analogues in terms of blink density due to good spectral overlap with the laser
used, despite all dyes being present at the same concentration. These results demonstrate
the need for another large scale screening of dyes capable of exhibiting photoblinking
behaviour to measure key properties (such as blink rate, blinking density, etc.). Although
this has previously been done by Dempsey, and coworkers, this study was published in

2011, and many new dyes have been developed, such as those detailed in this work.
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4 Conclusions and future work

The aims of this work were to synthesise and analyse a range of chemically similar dyes
by initial assessment in the solution phase, then to image the dyes in a PVA matrix and/or
supported on a silica nanoparticle. This was to be achieved using two sets of dyes with
atomic substitution either down a group of the periodic table or with elements from
around the p-block. In the case of the 4-nitrobenzochalcogenazole dyes, both PVA
matrices and silica nanoparticles were used successfully to assess whether dyes could be
used for SMLM imaging. It was found that, due to a combination of having the most
desirable qualities and being synthetically accessible, the benzothiazole was most

amenable for super-resolution imaging using STORM.

In the future it may be interesting to explore other analogues of the benzodiazole dyes
with atoms from other groups of the periodic table (e.g. a benzotriazole). Although this
was considered as an option, no compounds of this type were prepared due to time
constraints. It may also be interesting to examine the NPT- and NPSe-APTES (7 and 8,
respectively) analogues with different oxidation states at sulfur and selenium,
respectively. In this study, only S(Il) and Se(ll) derivatives were synthesised, but it is

well known that both elements can exist in oxidation states IV and V1.1%

NO, NO,
/N\ [O] /N\
=~ /S — /S:O
N N
Br Br
5 66

Scheme 4.1 — Attempted oxidation of NPT-Br (5) to a sulfoxide analogue (66).
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Some attempts were made to oxidise NPT-Br (5) to its sulfoxide analogue (66, Scheme
4.1). This may be, as previously stated, because the sulfur atom could exist in its S(IV)
oxidation state within the heteroaromatic ring. Various oxidising agents were used,
including oxone, and aqueous hydrogen peroxide, however in both of these cases only
starting material was returned. Other stronger oxidants (e.g. Jones oxidation,
permanganates, or Oz gas), or reaction of dianilines with reagents such as SOCl2, SO.Cl,,

or SeOCl; (Scheme 4.2) could be trialled.

SOCl,,
N2 SO,Cly, NO2
NH2  or SeOCl, _N, )
X£0
NH, N n
Br Br

Scheme 4.2 — Proposed alternate synthesis to access benzothia- and benzoselenadiazoles at
higher oxidation states. X = S or Se, n = 1 or 2.

A recent journal article detailed the synthesis of an NBD analogue in which the side chain
is either a cysteine or homocysteine residue aimed to find a mechanism for distinguishing
between the two (Scheme 4.3).1%° The free amine is able to spontaneously displace the
sulfur atom via a 5- or 6-membered transitions state, and this process was much quicker
in cysteine. The aryl thioether had a low fluorescence intensity and the aryl amine had a

high fluorescence intensity, and this system was used as a ‘turn-on’ fluorescent probe.

It may be interesting to examine these types of structures as ‘turn-on’ fluorescent dyes, in
which the rearrangement occurs in response to an external stimulus (e.g. illumination of
a certain wavelength of light, or response to changes in pH), specifically with respect to

dyes capable of photoblinking.
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NO, CO,H NO, NO,

SH
N, HZN)\Mn _N, _N,
~ /O ~ /O =~ /O
N N N
P!

Cl <Sﬁin HN(\COZH

H2N COzH n"SH
Low fluorescence High fluorescence
intensity intensity

Scheme 4.3 — The proposed spontaneous rearrangement of cysteine or homocysteine to go from
a low fluorescence intensity aryl thioether to a high fluorescence intensity aryl amine. n = 1 or 2.

It was also possible to assess a range of rhodamine derivatives for their suitability to be
SMLM dyes by suspending them in PVA matrices. It was found that all of the dyes that
were synthesised in this study had properties desirable for capturing super-resolution
images using STORM, but since the dyes absorbed and emitted across a large portion of
the visible spectrum, care should be taken when selecting a dye to choose a dye that will

have good overlap with the available laser wavelengths.

It would have been interesting to analyse a larger range of rhodamine derivatives, but due
to synthetic challenges and time constraints, it was not possible to access the other target
compounds. It was particularly interesting to note that HR (57) also showed that it was
capable of photoblinking despite the absence of an atom at position 10 of the xanthene
structure, which resulted in a large torsional angle between the aryl rings. It would be
prudent to further explore the concept of torsion in range of molecules capable of

photoblinking to see how the photophysical properties are affected.

One might suggest starting with the more commonly used dyes. An example would be to
monitor the effects of introducing torsion to the polymethine chain in cyanine 5 (Cy5)
dyes. Since Cy5 is the backbone for one of the most popular dyes used for STORM and
related techniques (AlexaFluor 647, or AF647), analyses to see how the photophysical
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properties (in particular the photoblinking behaviour) are altered with increasing torsion
in the molecule could be undertaken. This may, in turn, prove useful in the rational design

of new photoblinking fluorophores in the future.

The published synthesis of Cy5 is, in theory, easy to modify to include methyl groups
along the pentamethine chain (Scheme 4.4).2%° The proposed route has been colour coded
to make the origin of each pendant methyl group more evident. It is not only possible to
use this route to synthesise symmetrical cyanine dyes, but in step (D) two different indole
compounds can be added sequentially to give an asymmetric cyanine dye rather than

adding two equivalents of the same indole at once.?®

O/NHNHZ AcOH Mel

(C) b
NH,  OMe OMe  HClyg AE: O)H
oMo PhHN NHPh N2OAG

Scheme 4.4 — Synthetic route that can be taken to synthesise a range of methylated cyanine dyes.

With specific reference to the aim of this body of work (to assess the qualities that make
small organic fluorophores STORM compatible to influence the future synthesis of
rationally designed fluorophores), it seems that it is not possible to create a list of ideal
properties that all dye families will fit into in order for them to be SMLM active, and each

family of dye must be assessed in its own right. In the case of the benzodiazoles the
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addition of heavier atoms slowed the blink rate, making the heavier dye molecules more

suited for the technique.

In the case of the rhodamine analogues, all of the structurally similar dyes performed
similarly, regardless of their degree of aromaticity. This is likely to be due to a different
blinking mechanism, and the relative stabilities of a tris-benzyl radical dark state. As
such, further work is required in which other families of dyes with different blinking

mechanisms are studied before a definitive list of desirable qualities can be compiled.
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5 Experimental

All starting materials were purchased from Sigma—Aldrich, Alfa Aesar or Fluorochem
and used as purchased. Air sensitive reactions were conducted in flame-dried glassware
under an atmosphere of nitrogen or argon. *H and *C NMR spectra were recorded in
CDCls, MeOD, or Ds-DMSO as specified on Bruker 400 MHz spectrometers. Chemical
shifts are recorded on the & scale relative to the residual solvent peak and coupling

constant (J) values are reported in Hz.

Liquid chromatographic mass spectrometry (LCMS) was performed using electron
ionisation (EI), electrospray ionisation (ES or ESI), affinity purification (AP) or direct
infusion using either a Walter ITC Premier XE instrument or a Micromass LCT
instrument. Infrared spectra were obtained using a PerkinElmer RX1 FT-IR spectrometer
with a Sinsir Technologies DuraSimlir 11 ATR attachment. UV/Vis absorption spectra
were measured using a Cary Bio 3 spectrophotometer. Excitation and emission spectra
were recorded a Fluoromax Fluorometer. Dynamic light scattering data was collected
using a Malvern Zetasizer NanoZS instrument. Confocal microscopy images were taken
using a wide-field Delta Vision confocal microscope. Scanning electron microscopy
images were taken using a Philips XL-20 SEM. Melting points were measured using a
Gallenkamp melting point apparatus. Dye photobleaching data was recorded using Ocean
Optics STS-VIS Miniature Spectrometer. Blink rate analysis was undertaken using a
Nikon Eclipse Ti microscope coupled to a Andor Zyla sSCMOS camera, or an Andor iXon

Ultra.

Geometry optimisations were calculated using Gaussian 09 using density functional

theory (DFT) with a B3LYP 6311 g (d,p) basis set. All frequencies were confirmed to be
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real. Energy levels were calculated using a time-dependent self-contained field (TD-SCF)

DFT with a BALYP 6311 g (d,p) basis set and were solved for N=100 states.

Data for time-resolved photoluminescence lifetimes was obtained using the time-
correlated single photon counting (TCSPC) method. The samples were excited with a
pulsed laser of 510 nm, repetition rate 2.5 MHz, average power <4 mW, pulse width <60
ns. The PL was detected with a single-photon avalanche diode, which has an instrument

response function that was measured to be around 1 ns.
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7-Nitro-N-[3-(triethoxysilyl)propyl]-2,1,3-benzoxadiazol-4-amine (3)

NO,

HN._~_Si(OEt)s

A sample of 4-chloro-7-nitrobenzo-2,1,3-oxadiazole (0.10 g, 0.5 mmol) was stirred in
ethanol (10 mL). Once dissolved, the solution was cooled to 0 °C and (3-
aminopropyl)triethoxysilane (0.14 mL, 0.6 mmol, 1.2 eq.) was added. The reaction
mixture was stirred in the dark for 2 h at 0 °C then for 24 h at room temperature during
which time the mixture turned from yellow to dark green. The solvent was removed in
vacuo to leave a dark green residue which was purified by flash column chromatography
on silica gel, eluting with petroleum ether/ethyl acetate 2:1 to yield the product as an
orange/red solid (0.10 g, 48%); m.p. 110-114 °C; R¢=0.73 (petroleum ether: ethyl acetate
2:1); 'H NMR (400 MHz, CDCls): 8.48 (1H, d, J 8.7, ArCH), 6.95 (1H, s, NH), 6.17 (1H,
d, J 8.7, ArCH), 3.86 (6H, g, J 7.0, 3 x OCH2CHz), 3.61-3.50 (2H, m, NHCHz), 2.04—
1.93 (2H, m, CHy), 1.24 (9H, t, J 7.0, 3 x OCH2CHs3), 0.77 (2H, t, J 7.6, SiCH2); m/z
(ES™) 439 (8%), 407.1379 (100, M+Na*, C15H24N4OsNaSi requires 407.1363), 393 (8),

339 (22, M*-OEt), 235 (5), 210 (5). Data in accordance with the literature.

4,7-Dibromo-2,1,3-benzothiadiazole (6)

Br

~ 7

Br
Benzo-2,1,3-thiadiazole (2.86 g, 21 mmol, 1 eq.) was heated at reflux in aqueous

hydrobromic acid (48% w/w, 8 mL). Bromine (3 mL, 58 mmol, 2.75 eq.) was added over
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thirty minutes. On complete addition the mixture was heated for a further 3 h before
allowing to return to room temperature and adding potassium bicarbonate (sat. ag., 20
mL). The resulting precipitate was filtered and washed with cold water (3 x 20 mL) and
diethyl ether (3 x 20 mL) before drying under vacuum to give the product as a yellow
powder (6.02 g, 98%) which was used without further purification; m.p. 186 °C (lit.?*
187 — 188 °C); *H NMR (400 MHz, Ds-DMSO): 7.97 (2H, s, ArCH). Data in accordance

with the literature.?%!

4-Bromo-7-nitro-2,1,3-benzothiadiazole (5)

Br

4,7-Dibromobenzo-2,1,3-thiadiazole (0.10 g, 0.34 mmol) was dissolved in nitric acid
(68%, 5 mL). The mixture was stirred at reflux for 2 h during which time the solution
changed colour from orange to pale yellow. The hot solution was poured onto ice-water
(10 mL) and produced a pale yellow precipitate. Filtration and drying afforded the product
as a pale yellow crystalline solid which was used without further purification (0.03 g,
40%); m.p. 218-220 °C (lit.2%2 218-220 °C); *H NMR (400 MHz, CDCls): 8.47 (1H, d, J
8.0, ArCH), 8.03 (1H, d, J 8.0, ArCH); 3C NMR (100 MHz, Ds-DMSO): 154.4 (ArC),
145.8 (ArC), 139.1 (ArC), 131.4 (ArCH), 128.8 (ArCH), 122.3 (ArC); m/z (EI*) 261
(48%, CsH2N30,S81Br), 259 (47), 231 (81), 229 (80), 203 (46), 201 (43), 134 (100), 83

(88). Data in accordance with the literature.'%
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7-Nitro-N-[3-(triethoxysilyl)propyl]-2,1,3-benzothiadiazole-4-amine (7)

NO,
N

— N\

~ 7/

HN._~_Si(OEt)s

A sample of bromide 5 (0.030 g, 0.12 mmol) was stirred in ethanol (10 mL) with (3-
aminopropyl)triethoxysilane (0.034 g, 0.15 mmol, 1.25 eq.) at 0 °C in the dark. Solid
potassium carbonate (0.017 g, 0.012 mmol, 0.1 eq.) was added to the stirred solution
which was kept at 0 °C for 2 h, then at room temperature for a further 22 h, during which
time the reaction mixture turned from yellow to green. The solvent was removed under
reduced pressure and the residue re-dissolved in ethyl acetate (25 mL). This solution was
washed with water (2 x 25 mL) and brine (2 x 25 mL), dried over MgSQzg, filtered and
concentrated in vacuo, followed by purification using flash column chromatography on
silica gel eluting with ethyl acetate and petroleum ether (1:3) to give the title compound
as a dark orange solid; (0.022 g, 45%); m.p. 100-102 °C; R¢ = 0.51 (petroleum ether:
ethyl acetate 3:1); vmax (ATR)/cm™ 3339 (br, NH), 2972 (w, CH), 2885 (w, CH), 1563
(s, NOy), 1493 (s); 'H NMR (400 MHz, CDCls): 8.67 (1H, d, J 8.8, ArCH), 6.67—6.63
(1H, m, NH), 6.41 (1H, d, J 8.8, ArCH), 3.86 (6H, g, J 7.0, 3 x OCH2CHs), 3.53 (2H,
app. q,J 7.1, NHCHy>), 1.95 (2H, app. pent, J 7.1, CH>), 1.24 (9H, t, J 7.1, 3 x OCH2CHj3),
0.81-0.77 (2H, m, SiCH2); 3C NMR (100 MHz, CDCls): 148.3 (ArC), 146.7 (ArC),
146.5 (ArC), 134.0 (ArCH), 128.3 (ArC), 98.9 (ArCH), 58.6 (3 x OCHy), 45.6 (CH2),
22.2 (CHy), 18.3 (3 x CHa), 7.8 (CHy); m/z (ESI*) 446 (6), 401.1313 (100%, MH*

C15H25N40sSSi requires 401.1309), 355 (16).
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3,6-Dibromo-1,2-benzenediamine (10)

Br
NH,

NH,
Br

Under an atmosphere of nitrogen, NaBH4 (0.64 g, 17.1 mmol, 10 eq.) was added
portionwise to a suspension of 4,7-dibromobenzo-2,1,3-benzothiadiazole (0.50 g, 1.71
mmol) in ethanol (20 mL) at 0 °C. The mixture was warmed to room temperature and
stirred for 20 h during which time the solution went from yellow to dark orange. The
solvent was removed in vacuo and the orange residue was redissolved in water (10 mL).
The product was extracted with diethyl ether (3 x 10 mL). The organic phases were
combined, washed with brine (10 mL), dried over magnesium sulfate, filtered and
evaporated to dryness. The pale yellow solid was used without further purification. (0.36
g, 78%); m.p. 94 °C (lit.2%” 94 — 95 °C); *H NMR (400 MHz, CDCls): 6.84 (2H, s, ArCH),
3.89 (4H, br. s, 2 x NH2); 3C NMR (100 MHz, CDCls): 133.7 (2 x ArC), 123.3 (2 x

ArCH), 109.7 (2 x ArC). Data in accordance with the literature.’
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4,7-Dibromo-2,1,3-benzoselenadiazole (11)

Br

Br

3,6-Dibromobenzene-1,2-diamine (0.34 g, 1.29 mmol) was suspended in ethanol (10 mL)
and heated to reflux. A hot, aqueous solution (10 mL) of selenium(IV) oxide (0.71 g, 6.50
mmol, 5 eq.) was added. When addition was complete, a bright yellow precipitate formed.
The mixture was heated at reflux for a further 2 h before cooling to room temperature and
collecting the product as a bright yellow solid (0.37 g, 83%) which was used without
further purification. m.p. 285-287 °C (lit.1% 285-287 °C); *H NMR (400 MHz, CDCls):

7.64 (1H, s, 2 x ArCH). Data in accordance with the literature.%®

4-Nitro-2,1,3-benzoselenadiazole (13)

NO,
/N\
- Se
N

6-Nitro-1,2-benzenediamine (0.015 g, 0.10 mmol, 1 eq.) was suspended in ethanol (25
mL) and heated at reflux. A solution of selenium(IV) dioxide (0.012 g, 0.11 mmol, 1.1
eq.) in hot water (25 mL) was added slowly. The resulting solution was stirred at reflux
for a further 5 h before returning to room temperature and removing the ethanol in vacuo.
The aqueous solution was extracted with dichloromethane (3 x 25 mL). The organic
phases were combined, washed with brine (25 mL), dried over magnesium sulfate,
filtered and evaporated to dryness. The residue was purified using flash column
chromatography on silica gel, eluting with ethyl acetate and petroleum ether (1:1) to give

the named product as a peach coloured powder with a mild eggy odour. (0.021 g, 92%);
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R¢ 0.69 (ethyl acetate: petroleum ether, 1:1); m.p. 214 °C (lit.?% 214 — 216 °C); *H NMR
(400 MHz, CDCls): 8.47 (1H, dd, J 7.2, 0.9, ArCH), 8.25 (1H, dd, J 8.9, 0.9, ArCH), 7.69
(1H, dd, J 8.9, 7.2, ArCH): m/z (ES*) 271 (13%, CeHsN30,2°Se + Na* + H,0), 231 (20,
CoHaNsO2%2Se), 229 (100, CeHsN3Oz2°Se), 227 (36, CsH3NaO2™®Se), 225 (12,

CeH3N30,"%Se). Data in accordance with the literature.?®®

3-Bromo-6-nitro-1,2-benzenediamine (16)

NO,
NH,

NH,
Br

1-Amino-2-bromo-5-nitrobenzene (0.25 g, 1.15 mmol) was dissolved in dry dimethyl
sulfoxide (15 mL) at room temperature under an atmosphere of argon. 1,1,1-
Trimethylhydrazinium iodide (0.23 g, 1.15 mol, 1 eq.) was added in one portion before
adding fresh sodium pentoxide (0.38 g, 3.45 mmol, 3 eq.). The solution turned from
orange to dark blue on immediate addition of the base. The reaction was stirred overnight
at room temperature before pouring onto ice water (50 mL). The product was extracted
with dichloromethane (2 x 25 mL) and the organic layers washed with aqueous
hydrochloric acid (1 M, 2 x 25 mL) and brine (25 mL) before drying over magnesium
sulfate, filtering and removing solvent in vacuo to give the product as a dark orange solid
which was used without further purification (0.078 g, 30%); m.p. 145-148 °C; Vmax
(ATR)/cm™ 3465 (w, NH), 3422 (w, NH), 3358 (m, NH), 1620 (s, NH), 1556 (m), 1505
(s, NO2); *H NMR (400 MHz, CDCls): 7.62 (1H, d, J 9.3, ArCH), 6.91 (1H, d, J 9.3,
ArCH), 6.16 (2H, br. s, NH2), 3.95 (2H, br. s, NH,); 3C NMR (100 MHz, [Ds]DMSO):

135.9 (ArC), 135.2 (ArC), 130.4 (ArC), 119.3 (ArCH), 113.9 (ArCH), 111.9 (ArC); m/z
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(ESI") 233.9698 (95%, MH*, CeH7NzO*'Br requires 233.9696), 232 (100,
CeH7N30.°Br). 'H NMR data was not in accordance with that reported in the

literature.'® Full analysis was undertaken.

N-(2-Bromo-5-nitrophenyl)-2,2,2-trifluoroacetamide (18)

1-Amino-2-bromo-5-nitrobenzene (0.40 g, 1.84 mmol) was dissolved in a mixture of dry
dichloromethane and anhydrous pyridine (1:3, 20 mL) under an atmosphere of nitrogen.
Trifluoroacetic anhydride (0.29 mL, 2.02 mmol, 1.1 eq.) was added dropwise and the
progress of the reaction was monitored by TLC which showed complete conversion after
2 h when the colour of the solution had completely faded. The reaction mixture was
poured onto aqueous hydrochloric acid (1 M, 30 mL) and separated. The organic layer
was washed with a further portion of aqueous hydrochloric acid (1 M, 30 mL) and brine
(30 mL) before drying over magnesium sulfate, filtering and removing solvent under
reduced pressure to give the pure product as a white solid. (0.45 g, 78%); m.p. 128-131
°C; R = 0.56 (ethyl acetate: petroleum ether 1:3); *H NMR (400 MHz, CDCls): 9.26 (1H,
d, J 2.6, ArCH), 8.57 (1H, br. s, NH), 8.03 (1H, dd, J 8.8, 2.6, ArCH), 7.85 (1H, d, J 8.8,
ArCH); m/z (ES") 313 (100%, CsH4N2OF3%Br), 311 (88, CsH4N2OF3"°Br). Melting point

not reported in the literature but all other data was in accordance.?*
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N-(2-Bromo-5-nitrophenyl)acetamide (17)

0

1-Amino-2-bromo-5-nitrobenzene (0.50 g, 2.3 mmol, 1 eq.) and triethylamine (0.32 mL,
2.3 mmol, 1 eq.) were dissolved in dry dichloromethane (20 mL) at 0 °C under an
atmosphere of nitrogen. Acetyl chloride (0.25 mL, 3.5 mmol, 1.5 eq.) was added
dropwise. On complete addition, the reaction was allowed to return to room temperature
and was left to react overnight. The reaction mixture was washed with hydrochloric acid
(1 M, 2 x 20 mL), saturated aqueous sodium hydrogen carbonate (2 x 20 mL) and water
(20 mL) before drying the organic layer over magnesium sulfate, filtering and removing
the solvent in vacuo to yield the product as a flaky white solid that was used without
further purification. (0.57 g, 95%); m.p. 125-127 °C (1it.2%® 127 °C); Rf= 0.16 (petroleum
ether: ethyl acetate 4:1); *H NMR (400 MHz, CDCls): 9.31 (1H, d, J 2.5, ArCH), 7.87
(1H, dd, J 8.8, 2.5, ArCH), 7.74 (1H, d, J 8.8, ArCH), 7.74 (1H, br. s, NH), 2.33 (3H, s,
CHa); m/z (ES") 259 (95% CsH7N203%Br), 257 (100%, CsH7N203"°Br). Melting point not

reported in the literature but all other data was in accordance. 8205

tert-Butyl acetyl(2-bromo-5nitrophenyl)carbamate (67)

@)

£
e ey

A sample of acyl protected aniline 17 (0.57 g, 2.2 mmol, 1 eq.) was dissolved in dry

acetonitrile (50 mL) under an atmosphere of nitrogen. Di-tert-butyl dicarbonate (0.60 g,
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2.75 mmol, 1.25 eq.) and N,N-dimethylamino pyridine (0.54 g, 0.44 mmol, 0.2 eq.) were
added in one portion after which a colour change of yellow to orange was observed. The
reaction was stirred at room temperature until complete by TLC. After 2.5 h the solvent
was removed under reduced pressure, the residue was redissolved in ethyl acetate (50
mL), washed with hydrochloric acid (1 M, 2 x 50 mL), water (50 mL) and brine (50 mL),
and dried over magnesium sulfate. After filtration, the solvent was removed in vacuo to
afford the pure product as a pale brown solid that was used without further purification.
(0.75 g, 95%); m.p. 158-162 °C; R¢ = 0.74 (petroleum ether: ethyl acetate 4:1); *H NMR
(400 MHz, CDCls): 8.11 (1H, dd, J 8.8, 2.6, ArCH), 8.07 (1H, d, J 2.6, ArCH), 7.84 (1H,
d, J 8.8, ArCH), 2.70 (3H, s, COCHs), 1.41 (9H, s, C[CHz]3). Melting point not reported

in the literature but all other data was in accordance.!1®

tert-Butyl (2-bromo-5-nitrophenyl)carbamate (19)

HN—/{

Watas

A sample of bis-protected aniline 67 (0.75 g, 2.1 mmol, 1 eq.) was dissolved in
acetonitrile (30 mL). Hydrazine monohydrate (80% in water v/v, 0.64 mL, 10.5 mmol, 5
eq.) was added dropwise and the mixture was left to stir at room temperature for 3.5 h.
The reaction was quenched with saturated aqueous ammonium chloride (30 mL) and the
product was extracted with diethyl ether (3 x 30 mL). The organic phases were collected
and washed with brine (30 mL) before drying over magnesium sulfate, filtering and
removing the solvent under reduced pressure to give the product as a yellow solid that
was used without further purification (0.60 g, 90%); m.p. 110 — 114 °C; Rf = 0.60

(petroleum ether: ethyl acetate 1:2); *H NMR (400 MHz, CDCls): 9.12 (1H, d, J 2.6,
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ArCH), 7.78 (1H, dd, J 8.8, 2.6, ArCH), 7.69 (LH, d, J 8.8, ArCH), 7.17 (1H, br. s, NH),
1.58 (9H, s, C[CHs]s); *C NMR (100 MHz, CDCls): 151.8 (C=0), 147.9 (ArC), 137.5
(ArC), 132.8 (ArCH), 118.4 (ArC), 117.9 (ArCH), 114.3 (ArCH), 82.4 (C[CHs]s), 28.2
(C[CHs]s); m/z (ES") 317 (93%, C11H13N20481Br), 315 (100, C1:1H13N204™Br), 243 (66,
C7HsN205%1Br), 241 (71, C7HsN205"°Br). Melting point not reported in the literature but

all other data was in accordance.1®

4-Bromo-7-nitro-2,1,3-selenadiazole (9)

Br

Diamine 16 (0.16 g, 0.71 mmol) was dissolved in ethanol (40 mL) and heated at reflux.
A solution of selenium(1V) dioxide (0.39 g, 3.55 mmol, 5 eq.) in boiling water (20 mL)
was added over 5 mins to the reaction mixture and on complete addition a yellow
precipitate began to form. The mixture was maintained at reflux for a further 16 h before
cooling to rt. The precipitate was isolated via vacuum filtration and washed with ice-cold
water (2 x 10 mL) to give the title product as a mustard yellow solid which was used
without further purification (0.19 g, 85%); m.p. 282—284 °C (decomp., lit.2%® >300 °C);
Found: C, 23.4; H, 0.95; N, 13.55; Br, 26.1. CeH2N30,SeBr requires C, 23.5; H, 0.7; N,
13.7; Br, 26.0%; vmax (ATR)/cm® 3461 (w), 3422 (w), 3357 (m), 3255 (w), 1618 (s), 1506
(s, NO2); *H NMR (400 MHz, [Ds]DMSO): 8.39 (1H, d, J 8.0, ArCH), 8.12 (1H, d, J 8.0,
ArCH); 3C NMR (100 MHz, [Ds]DMSO): 157.7 (ArC), 149.3 (ArC), 140.3 (ArC), 129.5
(ArCH), 127.4 (ArCH), 123.8 (ArC); m/z (EI*) 306.8486 (76%, M* CsHaN30,2°Se™Br

requires 306.8490), 277 (100), 248 (50), 182 (62), 159 (29), 131 (19), 101 (33), 80 (34).
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'H NMR and IR spectra in broad agreement with the literature — no other data is

reported.?%®

7-Nitro-N-[3-(triethoxysilyl)propyl]-2,1,3-benzoselenadiazol-4-amine (8)

NO,
N

— N\

Se

-~ 7/

HN._~_Si(OEt)

tris-(Dibenzylideneacetone)dipalladium (0.0046 g, 0.005 mmol, 2 mol%) and (S)-(+)-
PPFA (0.0062 g, 0.014 mmol, 6 mol%) were dissolved in dry THF (1 mL) in a microwave
vial. Bromide 9 (0.070 g, 0.228 mmol) and APTES (0.061 g, 0.274 mmol, 1.2 eq.) were
added to the solution before charging the solution with potassium tert-butoxide (0.033 g,
0.342 mmol, 1.5 eq.). The solution was degassed with argon for 15 mins. The tube was
sealed and heated in a microwave reactor to 75 °C over 5 mins at 150 W, then held at this
temperature for a further 9 mins at 100 W. On completion, the reaction mixture was
diluted with ethyl acetate (10 mL) and filtered. The filtrate was evaporated to dryness
purified by flash column chromatography on silica gel, eluting with petroleum ether/ethyl
acetate 1:1, to give the product as a red/orange solid. (0.0015 g, 7%); R¢ = 0.56 (petroleum
ether/ethyl acetate); m.p. 68-71 °C; vmax (ATR)/cm™ 3465 (w, NH), 3361 (m, NH), 2926
(m), 1621 (s, C=N), 1511 (s, NO2); *H NMR (500 MHz, CDCl3): 8.62 (1H, d, J 8.8,
ArCH), 6.65-6.61 (1H, m, NH), 6.17 (1H, d, J 8.8, ArCH), 3.78 (6H, g, J 7.2, 3 x
CH2CHg), 3.42 (2H, app. g, J 7.0, NCH>), 1.85 (2H, app. quin, J 7.0, CH>), 1.18 (9H, t, J
7.2,3 x CH2CH3), 0.71-0.68 (2H, m, SiCH>); 1*C NMR (125 MHz, CDCl3): 152.7 (ArC),

152.5 (ArC), 147.5 (ArC), 135.7 (ArCH), 129.9 (ArC), 97.2 (ArCH), 58.6 (3 x OCHy),
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45.7 (NCHy), 22.3 (CH2), 18.3 (3 x CHa), 7.9 (SiCHa): m/z (ESI*) 449.0757 (100%, MH*,

C15H25N40sSi%Se requires 449.0754).

General procedure A for the preparation of dye coated silica nanoparticles

Tetraethyl orthosilicate (TEOS, 1.7 mL, 7.6 mmol) was added to a stirred mixture of
water (4.5 mL) and ammonium hydroxide (35%, 330 uL) in ethanol (43.5 mL). The
mixture was stirred rapidly at room temperature for 24 h, after which a solution of APTES
conjugated dye in ethanol (18 mM, 50 uL) was added with additional TEOS (10 pL). The
particles were left to stir with the dye for 5 h at rt. Coated particles were isolated by
centrifugation, re-suspended in ethanol (30 mL), isolated by centrifugation, re-suspended

again in water (30 mL), and isolated by centrifugation.

Preparation of buffers for photophysical analysis

Aqueous stock solutions of catalase from bovine liver (4 mg per 1 mL), glucose oxidase
from Aspergillus niger (5 mg per 1 mL) and mercaptoethylamine (MEA, 1 M) were

prepared.

To make 10 mL MEA buffer: take 1 mL MEA stock and make up to 10 mL with distilled

water.

To make 10 mL GLOX buffer: take 1 mL MEA stock, 1 mL glucose oxidase stock, 0.1
mL catalase stock and make up to 10 mL with distilled water. Add solid glucose (1 g,

10% wiv).
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General procedure B for the preparation and imaging of PVA suspensions

Fluorophores were diluted to a nanomolar concentration in 1 wt% PVA (48,000 MW) in
distilled water. 50 pL of this was added to each slide before air-drying in a fume hood
overnight. Samples were imaged between 30 and 60 mins after buffer solution (MEA or
GLOX, 15 pL) was added to allow sufficient time for matrix penetration but to avoid
rehydration and degradation of the polymer. Slides were sealed with a cover slip and 740
clear Rimmel London 60 second nail polish. Each sample was imaged twice in two
different regions of the matrix under each buffer condition. Two samples were imaged
for each dye/buffer combination. Samples were excited using a 470 nm laser with a power
of 550 mW. Imaging videos were captured at a rate of 20 frames per second for 3000

frames. The ThunderSTORM plugin for Fiji was used to analyse captured data.

General procedure C for the cross coupling of aryl bromides and amines

Under an atmosphere of argon, tris(dibenzylideneacetone)dipalladium (0.0023 g, 0.0025
mmol, 2 mol%) and (S)-(+)-PPFA (0.0033 g, 0.0075 mmol, 6 mol%) were dissolved in
dry THF (0.5 mL) in a flame dried microwave tube. Aryl halide (0.125 mmol) and an
amine (0.15 mmol, 1.2 eq.) were added to the solution before charging the vessel with
potassium tert-butoxide (0.018 g, 0.1875 mmol, 1.5 eq.). The solution was degassed for
15 minutes then back filled with argon. In a microwave, after one minute of pre-stirring,
the temperature was ramped to 75 °C over 5 minutes using 150 W then held at this
temperature for a further 9 minutes at 100 W. On completion, the reaction mixture was
diluted with ethyl acetate (10 mL) and gravity filtered. The filtrate was evaporated to
dryness before purifying by flash column chromatography on silica gel eluting with

petroleum ether and ethyl acetate.
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4-Nitro-7-(piperidin-1-yl)-2,1,3-benzoxadiazole (68)

Prepared using chloride 1 (0.025 g, 0.125 mmol) and piperidine (0.013 g, 0.150 mmol)
following general procedure C. Isolated as an orange solid (0.027, 87%); R¢ 0.61 (ethyl
acetate: petroleum ether, 1:1); m.p. 164-166 °C (lit.% 166 °C); *H NMR (400 MHz,
CDCls): 8.46 (1H, d, J 9.2, ArCH), 6.30 (1H, d, J 9.2, ArCH), 4.15 (4H, br. s, 2 x CH>),

1.87 (6H, br. s, 3 x CHy). Data in accordance with the literature.?%’

4-Nitro-7-(piperidin-1-yl)-2,1,3-benzothiadiazole (69)

NO,
N

— N\

~_ /7

N

9

Prepared using bromide 5 (0.033 g, 0.125 mmol) and piperidine (0.013 g, 0.150 mmol)
following general procedure C. Isolated as an orange solid (0.020 g, 61%); Rt 0.61 (ethyl
acetate: petroleum ether, 1:3); m.p. 162—164 °C; *H NMR (400 MHz, CDCls): 8.62 (1H,
d, J9.3, ArCH), 6.62 (1H, d, J 9.3, ArCH), 4.13-4.06 (4H, m, 2 x CHy), 1.89-1.81 (6H,

m, 3 x CH2). Melting point not reported in the literature but all other data was in

accordance.208
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4-Nitro-7-(piperidin-1-yl)-2,1,3-benzoselenadiazole (70)

NO,

Prepared using bromide 9 (0.038 g, 0.125 mmol) and piperidine (0.013 g, 0.150 mmol)
following general procedure C. Isolated as a red solid (0.012 g, 30%); R¢ 0.70 (ethyl
acetate: petroleum ether, 2:3); m.p. 196-198 °C; vmax (ATR)/cm™ 3099 (w), 2937 (w),
1577 (m), 1523 (), 1223 (s); 'H NMR (400 MHz, CDCls): 8.59 (1H, d, J 9.0, ArCH),
6.48 (1H, d, J 9.0, ArCH), 4.04-3.98 (4H, m, 2 x CH), 1.90-1.80 (6H, m, 3 x CHy); 13C
NMR (100 MHz, CDCls): 154.0 (ArC), 153.8 (ArC), 150.4 (ArC), 133.5 (ArCH), 130.9
(ArC), 104.6 (ArCH), 51.6 (2 x NCHy), 26.1 (2 x CHy), 24.4 (CH.); m/z (ESI*) 313.0201

(100%, MH*, C11H12N402%Se requires 313.0198).

4-(Morpholin-4-yl)-7-nitro-2,1,3-benzoxadiazole (71)

NO,

N

)

Prepared using chloride 1 (0.025 g, 0.125 mmol) and morpholine (0.013 g, 0.150 mmol)
following general procedure C. Isolated as an orange crystalline solid (0.009 g, 30%); R¢

0.48 (ethyl acetate: petroleum ether, 1:1); m.p. 218-210 °C (1it.2%° 227-228 °C); 'H NMR

(400 MHz, CDCls): 8.48 (1H, d, J 8.9, ArCH), 6.36 (1H, d, J 8.9, ArCH), 4.11 (4H, app.
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t, J 4.7, 2 x CHy), 3.99 (4H, app. t, J 4.7, 2 x CHy). All data in accordance with the

literature. 2%

4-(Morpholin-4-yl)-7-nitro-2,1,3-benzothiadiazole (72)

NO,
N

— N\

S

N

.

Prepared using bromide 5 (0.033 g, 0.125 mmol) and morpholine (0.013 g, 0.150 mmol)
following general procedure C. Isolated as a dark orange crystalline solid (0.015 g, 45%);
Rt 0.64 (ethyl acetate: petroleum ether, 1:1); m.p. 192-194 °C; vmax (ATR)/cm™ 3293 (br,
w), 3119 (w), 2924 (w), 2870 (w), 1602 (s), 1551 (s); *H NMR (400 MHz, CDCls): 8.63
(1H, d, J 8.9, ArCH), 6.67 (1H, d, J 8.9, ArCH), 4.08-4.04 (4H, m, 2 x CHy), 4.02-3.98
(4H, m, 2 x CHy); 3C NMR (100 MHz, CDCls): 149.3 (ArC), 148.5 (ArC), 147.8 (ArC),
131.8 (ArCH), 130.3 (ArC), 105.8 (ArCH), 66.6 (2 x CHy), 49.6 (2 x CH2); m/z (ESI*)

289 (39%, [M+Na]"), 267.0545 (100, MH*, C10H10N4O3S requires 267.0546), 236 (16),

221 (28), 187 (75, MH* — C4HsNO), 124 (19).

4-(Morpholin-4-yl)-7-nitro-2,1,3-benzoselenadiazole (73)

NO,

)
o
Prepared using bromide 9 (0.038 g, 0.125 mmol) and morpholine (0.013 g, 0.150 mmol)

following general procedure C. Isolated as a red powder (0.009 g, 23%); R¢ 0.37 (ethyl

acetate: petroleum ether, 3:1); m.p. 180 °C (decomp.); vmax (ATR)/cm™ 2922 (w), 2855
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(w), 1583 (m), 1525 (s), 1259 (s), 1020 (s); *H NMR (400 MHz, CDCls): 8.60 (1H, d, J
8.8, ArCH), 6.53 (1H, d, J 8.8, ArCH), 4.03-3.95 (8H, m, 4 x CH,); 3C NMR (100 MHz,
CDCls): 154.0 (ArC), 153.6 (ArC), 150.0 (ArC), 132.7 (ArCH), 128.4 (ArC), 105.5
(ArCH), 67.0 (2 x CH), 50.2 (2 x CHy); m/z (ESI*) 336 (15%, [M+Na]"), 314.9991 (100,

MH?*, C10H10N4032%Se requires 314.9991).

7-Nitro-N-phenyl-2,1,3-benzoxadiazol-4-amine (74)

NO,

NHPh

Prepared using chloride 1 (0.025 g, 0.125 mmol) and aniline (0.014 g, 0.150 mmol)
following general procedure C. Isolated as a red powder (0.013 g, 41%); R¢ 0.45
(dichloromethane); m.p. 116 °C; *H NMR (400 MHz, CDCls): 8.49 (1H, d, J 8.6, ArCH),
7.81 (1H, br, s, NH), 7.58-7.52 (2H, m, 2 x ArCH), 7.46-7.36 (3H, m, 3 x ArCH), 6.76
(1H, d, J 8.6, ArCH). Melting point not reported in the literature but all other data was in

accordance.?%
7-Nitro-N-phenyl-2,1,3-benzothiadiazol-4-amine (75)

NO,

NHPh

Prepared using bromide 5 (0.033 g, 0.125 mmol) and aniline (0.014 g, 0.150 mmol)
following general procedure C. Isolated as an orange crystalline solid (0.008 g, 24%); R¢
0.42 (ethyl acetate: petroleum ether, 1:3); m.p. 108 °C; *H NMR (400 MHz, CDCls): 8.65

(1H, d, J 8.8, ArCH), 7.97 (1H, br. s, NH), 7.57-7.50 (2H, m, 2 x ArCH), 7.47-7.42 (2H,
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m, 2 x ArCH), 7.34 (1H, td, J 7.3, 1.1, ArCH), 7.01 (LH, d, J 8.8, ArCH). Melting point

not reported in the literature but all other data was in accordance.?%

7-Nitro-N-phenyl-2,1,3-benzoselenadiazol-4-amine (76)

NO,

NHPh

Prepared using bromide 9 (0.038 g, 0.125 mmol) and aniline (0.014 g, 0.150 mmol)
following general procedure C. Isolated as a red solid (0.009 g, 23%); R¢ 0.40 (ethyl
acetate: petroleum ether, 2:1); m.p. 120-122 °C; vmax (ATR)/cm™ 2923 (w), 1590 (m),
1538 (s), 1486 (s), 1261 (s); *H NMR (400 MHz, CDCls): 8.67 (1H, d, J 8.8, ArCH), 8.12
(1H, br. s, NH), 7.56-7.30 (5H, m, 5 x ArCH), 6.87 (1H, d, J 8.8, ArCH); 13C NMR (100
MHz, CDCls): 137.3 (ArC), 134.8 (ArCH), 134.7 (ArC), 133.7 (ArC), 130.1 (ArCH),
126.0 (ArCH), 123.1 (ArCH), 122.3 (ArCH), 121.2 (ArC), 112.4 (ArC), 99.7 (ArCH),

91.9 (ArCH); m/z (ESI*) 320.9889 (100%, MH*, C12HsN10,%°Se requires 320.9885).

N-Benzyl-7-nitro-2,1,3-benzoxadiazol-4-amine (77)

NO,

NHBn

Prepared using chloride 1 (0.025 g, 0.125 mmol) and benzylamine (0.016 g, 0.150 mmol)
following general procedure C. Isolated as a brown crystalline solid (0.011 g, 33%); R¢
0.59 (ethyl acetate: petroleum ether, 2:1); m.p. 210-211 °C (lit.?!! 214-215 °C); *H NMR

(400 MHz, CDCls): 8.50 (1H, d, J 8.7, ArCH), 7.50-7.37 (5H, m, 5 x ArCH), 6.54 (1H,
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br. s, NH), 6.25 (1H, d, J 8.7, ArCH), 4.70 (2H, d, J 5.7, CH>). All data in accordance

with the literature.?1212

N-Benzyl-7-nitro-2,1,3-benzothiadiazol-4-amine (78)

NO,
N

— N\

-~ 7

NHBn

Prepared using bromide 5 (0.033 g, 0.125 mmol) and benzylamine (0.016 g, 0.150 mmol)
following general procedure C. Isolated as a dark yellow crystalline solid (0.006 g, 17%);
Rf 0.74 (ethyl acetate: petroleum ether, 1:2); m.p. 162 °C; vmax (ATR)/cm™ 2930 (w),
2854 (w), 1571 (s), 1211 (s); *H NMR (400 MHz, CDCls): 8.66 (1H, d, J 8.8, ArCH),
7.47-7.36 (5H, m, 5 x ArCH), 6.70-6.63 (1H, m, NH), 6.44 (1H, d, J 8.8, ArCH), 4.71
(2H, d, J 5.8, CHy); *°C NMR (100 MHz, CDCls3): 146.8 (ArC), 145.9 (ArC), 135.9 (ArC),
133.8 (ArCH), 132.8 (ArC), 129.3 (2 x ArCH), 128.4 (ArCH), 127.5 (2 x ArCH), 111.0
(ArC), 99.7 (ArCH), 47.7 (CHy); m/z (ESI*) 287.0596 (100%, MH*, Ci3H10N4OS

requires 287.0597).
N-Benzyl-7-nitro-2,1,3-benzoselenadiazol-4-amine (79)

NO,
N

— \

Se

~ 7

NHBnN

Prepared using bromide 9 (0.0.38 g, 0.125 mmol) and benzylamine (0.016 g, 0.150 mmol)
following general procedure C. Isolated as a red crystalline solid (0.005, 12%); R 0.39
(ethyl acetate: petroleum ether, 1:1); m.p. 84-86 °C; vmax (ATR)/cm™ 2922 (m), 2854 (w),

1725 (w), 1549 (m), 1256 (s): *H NMR (400 MHz, CDCls): 8.68 (1H, d, J 8.7, ArCH),
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7.46-7.36 (5H, m, 5 x ArCH), 6.81 (1H, m, NH), 6.28 (1H, d, J 8.7, ArCH), 4.69 (2H, d,
J 5.8, CHz); 13C NMR (100 MHz, CDCls): 149.8 (ArC), 148.4 (ArC), 137.1 (ArC), 135.6
(ArCH), 134.6 (ArC), 129.5 (2 x ArCH), 128.4 (ArCH), 127.5 (2 x ArCH), 112.0 (ArC),
98.0 (ArCH), 47.8 (CH>); m/z (ESI") 335.0045 (100%, MH*, C13H10N4O,%Se requires

335.0042).

7-Nitro-N-(prop-2-en-1-yl)-2,1,3-benzoxadiazol-4-amine (80)

Prepared using chloride 1 (0.025 g, 0.125 mmol) and allylamine (0.009 g, 0.150 mmol)
following general procedure C. Isolated as an orange crystalline solid (0.003 g, 11%); R¢
0.63 (ethyl acetate: petroleum ether, 1:2); m.p. 105-107 °C (lit.3 106-108 °C); *H NMR
(400 MHz, CDCls): 8.69 (1H, d, J 8.8, ArCH), 6.43 (1H, d, J 8.8, ArCH), 6.00 (1H, ddt,
J17.2,10.4, 5.5, CH=CH>), 5.45-5.35 (2H, m, CH=CH,), 4.18 (2H, app. t, J 5.5, CH>).

All data in accordance with the literature.??
7-Nitro-N-(prop-2-en-1-yl)-2,1,3-benzothiadiazol-4-amine (81)

NO,

— N\

~_ 7/

Prepared using bromide 5 (0.033 g, 0.125 mmol) and allylamine (0.009 g, 0.150 mmol)
following general procedure C. Isolated as an orange solid (0.002 g, 6%); R 0.56 (ethyl
acetate: petroleum ether, 1:2); m.p. 82 °C; vmax (ATR)/cm™ 2926 (w), 2851 (w), 1540 (m),

1240 (s); 'H NMR (400 MHz, CDCls): 8.69 (1H, d, J 8.8, ArCH), 6.47 (1H, br. s, NH),
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6.43 (1H, d, J 8.8, ArCH), 6.07-5.96 (1H, m, CH=CH>), 5.45-5.35 (2H, m, CH=CHy),
4.17 (2H, app. t, J 5.6, CHz); 3C NMR (100 MHz, CDCls): 147.1 (ArC), 133.2 (ArC),
129.6 (ArCH), 125.4 (ArC), 124.2 (ArCH), 119.4 (ArC), 118.8 (CH=CHy), 100.0
(CH=CHy), 46.0 (NCH); m/z (ESI") 237.0442 (100%, MH*, CoHsN4O.S requires

237.0441).

7-Nitro-N-(prop-2-en-1-yl)-2,1,3-benzoselenadiazol-4-amine (82)

Prepared using bromide 9 (0.038 g, 0.125 mmol) and allylamine (0.009 g, 0.150 mmol)
following general procedure C. Isolated as a red solid (0.008 g, 23%); Rf 0.49 (ethyl
acetate: petroleum ether, 4:1); m.p. 91-93 °C; vmax (ATR)/cm™ 2923 (w), 1546 (m), 1528
(s); *H NMR (400 MHz, CDCls): 8.70 (1H, d, J 8.8, ArCH), 6.64 (1H, br. s, NH), 6.26
(1H, d, J 8.8, ArCH), 6.07-5.95 (1H, m, CH=CH>), 5.45-5.33 (2H, m, CH=CH,), 4.17 —
4.12 (2H, m, CHy); 3C NMR (100 MHz, CDCls): 152.3 (ArC), 146.8 (ArC), 143.4
(ArCH), 138.0 (ArC), 125.3 (ArCH), 119.7 (ArC), 118.5 (CH=CHy), 97.8 (CH=CHy),

46.0 (NCHo); m/z (ESI*) 285.9882 (100%, MH"*, CoHsN4O,%Se requires 284.9885).

B-Alanine methyl ester (hydrochloride salt, 21)
CIH3N ~NCOMe

3-Aminopropionoic acid (3.0 g, 33.7 mmol) was suspended in methanol (20 mL) and

cooled to 0 °C. Thionyl chloride (5.1 mL, 70.8 mmol, 2.1 eq.) was added dropwise over
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5 minutes. The mixture was warmed to room temperature then heated at reflux for 2 h.
Solvent was removed in vacuo and the resulting solid was triturated using hot methanol
and cold diethyl ether to furnish the hydrochloride salt of the methylated amino acid as a
pale yellow solid (4.07 g, 87%); m.p. 95-97 °C (lit.?!* 101 °C); *H NMR (400 MHz,
MeOD): 3.76 (3H, s, OCHs), 3.23 (2H, t, J 6.6, NCH2), 2.78 (2H, t, J 6.6, CH>). All data

in accordance with the literature.?

N-(7-Nitro-2,1,3-benzoxadiazol-4-yl)-B-Alanine methyl ester (86)

NO,

HN
~">co,Me

Prepared using chloride 1 (0.025 g, 0.125 mmol) and p-alanine methyl ester (21, 0.015 g,
0.150 mmol) following general procedure C. Isolated as an orange solid (0.003 g, 8%);
Rt 0.39 (ethyl acetate: petroleum ether, 1:1); m.p. 121-125 °C; vmax (ATR)/cm™ 2942 (m),
1738 (m, C=0), 1559 (m), 1280 (s, CO); *H NMR (400 MHz, CDCls): 8.52 (1H, d, J 8.7,
ArCH), 6.70 (1H, br. s, NH), 6.25 (1H, d, J 8.7, ArCH), 3.90-3.82 (2H, m, NCH>), 3.79
(3H, s, CHs), 2.83 (2H, t, J 6.1, CHy); 3C NMR (100 MHz, CDCls): 178.5 (C=0), 139.1
(ArC), 138.8 (ArC), 136.9 (ArC), 132.9 (ArCH), 98.4 (ArCH), 94.6 (ArC), 52.4 (OCHs),
38.9 (CH), 33.0 (CH2); m/z (ESI*) 266.0653 (100%, MH*, CioH1oN4Os requires

266.0651).
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N-(7-Nitro-2,1,3-benzothiadiazol-4-yl)-p-Alanine methyl ester (87)

NO,
N

— N\

~ 7

HN
~">co,Me

Prepared using bromide 5 (0.033 g, 0.125 mmol) and B-alanine methyl ester (21, 0.015 g,
0.150 mmol) following general procedure C. Isolated as a dark yellow solid (0.005 g,
15%); R 0.52 (ethyl acetate: petroleum ether, 1:1); m.p.118-120 °C; vmax (ATR)/cm™
2925 (W), 1732 (m, C=0), 1569 (s), 1309 (s, CO); H NMR (400 MHz, CDCls): 8.69 (1H,
d, J 8.8, ArCH), 6.77 (1H, br. s, NH), 6.45 (1H, d, J 8.8, ArCH), 3.88-3.81 (2H, m,
NCH,), 3.78 (3H, s, CHs), 2.83 (2H, t, J 6.1, CHy); *C NMR (100 MHz, CDCl3): 174.9
(C=0), 138.4 (ArC), 137.2 (ArC), 136.4 (ArC), 133.8 (ArCH), 98.9 (ArCH), 94.5 (ArC),
52.4 (OCHj3), 38.8 (CHy), 33.0 (CH2); m/z (ESI*) 283.0496 (100%, MH*, C10H10N404S

requires 283.0496).

N-(7-Nitro-2,1,3-benzoselenadiazol-4-yl)-g-Alanine methyl ester (88)

Prepared using bromide 9 (0.038 g, 0.125 mmol) and B-alanine methyl ester (21, 0.015 g,
0.150 mmol) following general procedure C. Isolated as a red solid (0.004 g, 10%); R
0.41 (ethyl acetate: petroleum ether, 3:1); m.p. 94-96 °C; vmax (ATR)/cm™ 2922 (m), 1735
(m, C=0), 1549 (m), 1259 (s, CO); *H NMR (400 MHz, CDCls): 8.71 (1H, d, J 8.1,

ArCH), 6.90 (1H, br. s, NH), 6.28 (1H, d, J 8.1, ArCH), 3.81 (2H, app. g, J 6.3, NCH2),
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3.78 (3H, s, CH3), 2.83 (2H, t, J 6.3, CH2); 3C NMR (100 MHz, CDCls): 186.1 (C=0),
144.6 (ArC), 143.2 (ArC), 141.2 (ArC), 135.6 (ArCH), 97.5 (ArCH), 94.8 (ArC), 52.6
(OCHs), 39.2 (CHy), 33.1 (CHo): m/z (ESI*) 330.9940 (100%, MH*, C1oH10N4048Se

requires 330.9940).

7-Nitro-2,1,3-benzothiadiazol-4-amine (89)

NO,

NH,

Prepared using chloride 1 (0.025 g, 0.125 mmol) and propargyl amine (0.0083g, 0.150
mmol) following general procedure C. Isolated as a red/orange solid (0.0087 g, 32%); Rt
0.57 (ethyl acetate: petroleum ether, 2:1); m.p. 110 °C; vmax (ATR)/cm™* 3374, 3339 (m,
NHs), 1562 (m), 1304 (s); *H NMR (400 MHz, CDCls): 8.57 (1H, d, J 8.3, ArCH), 6.44
(1H, d, J 8.3, ArCH), 5.74 (2H, br. s, NHy); m/z (ESI") 179.0217 (100%, [M-H],
CeH4N4O3 requires 179.0211), 112 (30). Melting point not reported in the literature but

all other data was in accordance.?>216

4,4'-Methylenebis(3-bromo-N,N-dimethylaniline) (39)

MezN\,\/,/ll NMez
Br Br

N,N-Dimethyl-3-bromoaniline (0.50 g, 2.5 mmol) and hexamethylenetetramine (0.70 g,
5.0 mmol, 2 eq.) were dissolved in acetic acid (3 mL) and heated at 60 °C for 24 h. On

complete reaction, the mixture was poured onto distilled water (20 mL) and extracted
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with dichloromethane (3 x 20 mL). The combined organic layers were washed with
saturated sodium bicarbonate (2 x 20 mL) and brine (20 mL), dried with magnesium
sulfate, filtered, and evaporated to dryness. The resulting red oil was purified using flash
column chromatography eluting with petroleum ether and ethyl acetate (9:1) to give the
named product as a beige solid (0.29 g, 57%); Rs 0.47 (ethyl acetate: petroleum ether,
1:9); m.p. 96-98 °C (lit.27 97-99 °C); 'H NMR (400 MHz, CDCls): 6.99 (2H, d, J 2.6, 2
x ArCH), 6.89 (2H, d, J 8.5, 2 x ArCH), 6.62 (2H, dd, J 8.5, 2.6, 2 x ArCH),4.05 (2H, s,

CHy), 2.95 (12H, s, 2 x N[CHs]2). All data in accordance with the literature.>">2t

4,4'-[(2-Methylphenyl)methylene]bis[3-bromo-N,N-dimethyl]-benzenamine (43)

MezN : Br E NM62
Br O

N,N-Dimethyl-3-bromoaniline (0.86 g, 4.31 mmol, 2 eq.), 2-methylbenzaldehyde (0.26
g, 2.15 mmol, 1 eq.), and titanium(IV) chloride (0.41 g, 2.15 mmol, 1 eq.) were dissolved
in dichloromethane (15 mL). The mixture was heated at reflux for 16 h then returned to
room temperature. Distilled water (10 mL) and diethyl ether (10 mL) were added and the
mixture stirred until all residues had dissolved. The layers were separated and the organic
fraction dried over magnesium sulfate, filtered and evaporated to dryness. The resulting
residue was triturated in chloroform and methanol over ice to give the named product as
a fine white powder (0.80 g, 75%); m.p. 188-190 °C; *H NMR (400 MHz, CDCls): 7.15-
7.02 (3H, m, ArCH), 6.97 (2H, br. s, ArCH), 6.74 (1H, d, J 7.7, ArCH), 6.64 (2H, d, J
8.6, ArCH), 6.57 (2H, br. d, J 8.6, ArCH), 5.98 (1H, s, CH), 2.94 (12H, s, 2 x N[CH3]>),

2.22 (3H, s, ArCHz); m/z (ESI*) 505.0503 (51%, MH*, C2sH26%Br2N2 requires 505.0500),
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503.0522 (100, CaaHas"®BréBrN,), 501.0536 (51, CzaHas °BraNy). Melting point not

reported in the literature but all other data was in accordance.'’®

General procedure D for the synthesis of heteroaromatic rhodamine derivatives

A sample of bis-aryl bromide 43 (0.050 g, 0.1 mmol, 1 eq.) was dissolved in anhydrous
THF (5 mL) under a nitrogen atmosphere. The mixture was cooled to -78 °C and stirred
for five minutes before the dropwise addition of s-BuLi (1.4 M in hexanes, 0.22 mL, 3
eq.). The mixture was stirred for 90 minutes at -78 °C. The electrophile (2 eq.) was added
at -78 °C and the mixture was returned to room temperature and stirred for 16 h. The
reaction was quenched with hydrochloric acid (1 M, 2 mL) then treated with KoCOs (5
mL). The organic phase was separated, dried over magnesium sulfate, filtered, and
evaporated to dryness. The residue was redissolved in dichloromethane (5 mL) and
chloranil (5 eq.) was added. The reaction was stirred for a further 2 h before evaporating
to dryness and initial purification using flash column chromatography on silica gel eluting
with dichloromethane and methanol (4:1). The resulting residue was stirred in a mixture
of dichloromethane and trifluoroacetic acid (1:1, 5 mL). Title compounds were isolated
using preparative HPLC purification in a mixture of acetonitrile and 0.1% TFA in Milli-

Q water.
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N-(7-[Dimethylamino]-5,5-dimethyl-10-[o-tolyl]dibenzo[b,e]silin-3[5H]-ylidene)-N-

methylmethanaminium 2,2,2-trifluoroacetate (SiR, 48)

Prepared using dichlorodimethylsilicon (0.026 g, 0.2 mmol) as the electrophile following
general procedure D. Isolated as a deep blue solid (0.005 g, 8%); R¢ 0.62 (MeOH: DCM,
1:4); m.p. 176 °C; *H NMR (400 MHz, CDCls): 7.45 (1H, app. t, J 7.5, ArCH), 7.36 (2H,
d,J 7.5, 2 xArCH), 7.20 (2H, s, 2 XArCH), 7.14-7.07 (3H, m, 3 x ArCH), 6.62 (2H, d, J
9.3, 2 xArCH), 3.37 (12H, s, 2 x N[CHa]2), 2.05 (3H, s, ArCHs), 0.63 (3H, s, SiCHa),
0.61 (3H, s, SiCHz3); m/z (ESI") 399.2257 (100%, M™*, C2sH31N2Si requires 399.2251).

Melting point not reported in the literature but all other data was in accordance.’%%8

N-(7-[Dimethylamino]-5,5-dimethyl-10-[o-tolyl]dibenzo[b,e]germin-3[5H]-ylidene)-

N-methylmethanaminium 2,2,2-trifluoroacetate (GeR, 49)

Prepared using dichlorodimethyl germanium (0.034 g, 0.2 mmol) as the electrophile
following general procedure D. Isolated as a deep blue crystalline solid (0.029 g, 60%);
R 0.63 (MeOH: DCM, 1:4); m.p. 152—155 °C (decomp.); *H NMR (400 MHz, CDCls):
7.41-7.32 (4H, m, 4 x ArCH), 7.23 (2H, d, J 2.9, 2 xArCH), 6.97 (2H, d, J 9.6, 2 x
ArCH), 6.61 (2H, dd J 9.6, 2.9, 2 xArCH), 3.41 (12H, s, 2 x N[CH3]2), 2.05 (3H, s,
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ArCHs), 0.83 (3H, s, GeCH3), 0.81 (3H, s, GeCH3); 13C NMR (100 MHz, CDCl3): 169.3
(ArCH), 153.8 (ArC), 152.7 (ArC), 141.9 (ArCH), 139.1 (ArC), 135.7 (ArC), 130.3
(ArCH), 128.8 (ArCH), 127.3 (ArC), 125.7 (ArCH), 120.8 (ArCH), 114.2 (ArC), 113.7
(ArCH), 41.2 (2 x N[CH3]2), 19.4 (ArCH3), -0.3 (GeCH3), -0.4 (GeCH3): m/z (ESI*)
445.1701 (100%, M*, C26H31N2"*Ge requires 445.71694). Melting point and *C NMR

spectrum not reported in the literature but all other data was in accordance.”

3,6-bis(Dimethylamino)-9-(o-tolyl)acridine 10-oxide (NOR, 51)

o®

| . |
_N N® N
>~

A sample of bis-aryl bromide 43 (0.050 g, 0.1 mmol, 1 eq.) was dissolved in anhydrous
THF (5 mL) under a nitrogen atmosphere. The mixture was cooled to -78 °C and stirred
for five minutes before the dropwise addition of s-BuLi (1.4 M in hexanes, 0.25 mL, 3
eq.). The mixture was stirred for 90 minutes at -78 °C. i-Pentyl nitrite (0.023 g, 0.2 mmol,
2 eq.) was added at -78 °C and the mixture was returned to room temperature and stirred
for 16 h. The mixture was quenched with hydrochloric acid (1 M, 2 mL) then treated with
K2COz (5 mL). The organic phase was separated, dried over magnesium sulfate, filtered,
and evaporated to dryness. Purification using flash column chromatography on silica gel
eluting with 0—7.5% methanol in DCM gave the product as a red solid (0.017 g, 46%); Ry
0.46 (1:9 MeOH: DCM); m.p. 116 °C (decomp.); vmax (ATR)/cm™ 3480 and 3362 (OH
from solvent), 1589 (s); *H NMR (400 MHz, CDCls): 7.85 (2H, d, J 2.2, ArCH), 7.50-
7.34 (3H, m, ArCH), 7.29 (2H, d, J 3.0, ArCH), 7.24 (1H, d, J 7.6, ArCH), 7.00 (2H, dd,

J9.52.6, ArCH), 3.22 (12H, s, 2 x N[CH3]2), 1.92 (3H, s, ArCHs); 2*C NMR (100 MHz,
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CDCls): 152.1 (2 x ArC), 141.1 (2 x ArC), 137.5 (ArC), 135.5 (ArC), 130.7 (ArCH),
130.1 (2 x ArCH), 128.4 (ArCH), 128.4 (ArCH), 125.7 (ArCH), 117.5 (2 x ArC), 115.3
(2 x ArCH), 103.0 (ArC), 94.6 (2 x ArCH), 40.4 (2 x N[CHs]2), 19.7 (ArCHs); m/z (ESI*)

372.2080 (100%, MH™, C24H25N30 requires 372.2070), 356.2131 (52, MH* - O).

3-(Dimethylamino)-6-(dimethyliminio)-9-(2-methylphenyl)-10-0x0-10A°-

acridophosphin-10-olate (P[V]R, 53)

A sample of bis-aryl bromide 43 (0.050 g, 0.1 mmol, 1 eq.) was dissolved in anhydrous
THF (5 mL) under a nitrogen atmosphere. The mixture was cooled to -78 °C and stirred
for five minutes before the dropwise addition of s-BuLi (1.4 M in hexanes, 0.25 mL, 3
eq.). The mixture was stirred for 90 minutes at -78 °C. Ethyl dichlorophosphite (0.030 g,
0.2 mmol, 2 eq.) was added at -78 °C and the mixture was returned to room temperature
and stirred for 16 h. The reaction was quenched with hydrochloric acid (1 M, 2 mL) then
treated with KoCOs (5 mL). The organic phase was separated, dried over magnesium
sulfate, filtered, and evaporated to dryness. The residue was stirred in a solution of
hydrogen peroxide (30% wi/w in H2O, 10 mL) for 3 h then quenched with saturated
aqueous sodium sulfate (20 mL). The product was extracted using dichloromethane (3 x
20 mL), and the collected organic phases were combined, dried over magnesium sulfate,
filtered, and evaporated. The residue was redissolved in dichloromethane (5 mL) and
chloranil (5 eq.) was added. The reaction was stirred for a further 2 h before evaporating

to dryness and initial purification using flash column chromatography on silica gel eluting
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with dichloromethane and methanol (4:1). The blue residue was stirred in a mixture of
DCM and trifluoroacetic acid (1:1, 5 mL). The title compound was isolated using
preparative HPLC purification in a mixture of acetonitrile and 0.1% TFA in Milli-Q water
as a dark blue solid (0.004 g, 7%); Rf 0.31 (MeOH: DCM, 1:4); m.p. 122-123 °C; Vmax
(ATR)/cm™ 2962 (w), 1678 (s), 1581 (s), 1175 (s, P=0); 'H NMR (400 MHz, CDCl3):
7.80 (2H, dd, J 7.8, 2.8, 2 x ArCH), 7.36 (2H, d, J 7.8, 2 x ArCH), 7.19-7.14 (2H, m, 2
"x ArCH), 7.01 (2H, dd, J 9.4, 6.2, 2 x ArCH), 6.57 (2H, dd, J 9.4, 2.8, 2 x ArCH), 3.38
(12H, s, 2 x N[CH3]2), 2.08 (3H, s, ArCHs); m/z (ESI*) 405.1728 (100%, MH",
Ca4H25N202P requires 405.1726). Melting point and IR spectrum not reported in the

literature but all other data was in accordance.'’®

N-(4-[{4-(Dimethylamino)phenyl}{o-tolyl}methylene]cyclohexa-2,5-dien-1-ylidene)-

N-methylmethanaminium chloride (HR, 57)

A sample of bis-aryl bromide 43 (0.050 g, 0.1 mmol, 1 eq.) was dissolved in anhydrous
THF (5 mL) under a nitrogen atmosphere. The mixture was cooled to -78 °C and stirred
for five minutes before the dropwise addition of s-BuLi (1.4 M in hexanes, 0.25 mL, 3
eq.). The mixture was stirred for 90 minutes at -78 °C. The mixture was returned to room
temperature and stirred for 16 h. The reaction was quenched with hydrochloric acid (1 M,
2 mL) then treated with KoCOs (5 mL). The organic phase was separated, dried over
magnesium sulfate, filtered, and evaporated to dryness. The residue was redissolved in

dichloromethane (5 mL) and chloranil (5 eq.) was added. The reaction was stirred for a
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further 2 h before evaporating to dryness and initial purification using flash column
chromatography on silica gel eluting with dichloromethane and methanol (4:1) to give
the named product as a blue solid (0.027 g, 78%); Rt 0.52 (MeOH: DCM, 1:4); m.p. 100
°C (decomp.); vmax (ATR)/cm™ 1678 (s), 1567 (s), 1106 (s); 'H NMR (400 MHz, CDCla):
7.50 (1H, app. t, J 7.6, ArCH), 7.43 — 7.29 (6H, m, 6 x ArCH), 7.07 (1H, d, J 7.0, ArCH),
6.97 (4H, d, J 9.1, 4 x ArCH), 3.40 (12H, s, 2 x N[CH3]2), 1.95 (3H, s, ArCH3); *C NMR
(100 MHz, CDCls): 176.7 (ArC), 157.0 (2 x ArC), 140.1 (4 x ArCH), 139.2 (ArC), 139.2
(ArC), 132.9 (ArCH), 131.3 (ArCH), 131.1 (ArCH), 127.4 (2 x ArC), 125.7 (ArCH),
114.0 (4 x ArCH), 41.0 (2 x N[CH3]2), 20.3 (ArCHs); m/z (ESI*) 345.2325 (28%, MH",

C24H27N2 requires 345.2325), 173 (100).

4,4'-(o-Tolylmethylene)bis(N,N-dimethylaniline) (58)

| |
aovdn

A sample of bis-aryl bromide 43 (0.050 g, 0.1 mmol, 1 eq.) was dissolved in anhydrous
THF (5 mL) under a nitrogen atmosphere. The mixture was cooled to -78 °C and stirred
for 5 minutes before the dropwise addition of s-BuLi (1.4 M in hexanes, 0.25 mL, 3 eq.).
The mixture was stirred for 90 minutes at -78 °C. The mixture returned to room
temperature and stirred for 16 h. The reaction was quenched with hydrochloric acid (1 M,
2 mL) then treated with KoCOs (5 mL). The organic phase was separated, dried over
magnesium sulfate and evaporated to dryness. The residue was purified using flash
column chromatography on silica gel eluting with dichloromethane and methanol (4:1)

and the title compound isolated as a white solid (0.006 g, 87%); Rt 0.62 (MeOH: DCM,
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1:4); m.p. 97-100 °C (lit.2° 98-100 °C); H NMR (400 MHz, CDCls): 7.19-7.07 (4H,
m, 4 x ArCH), 6.97-6.92 (4H, m, 4 x ArCH), 6.70-6.66 (4H, m, 4 x ArCH), 5.51 (1H, s,
CH), 2.94 (12H, s, 2 x N[CHs]y), 2.25 (3H, s, ArCHs): m/z (ESI*) 345.2325 (100%, M",

Ca4H2sN2 requires 345.2325). Data in accordance with the literature.?1%220
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6 Appendix

6.1 Appendix 1: MatLab code used to obtain bleaching data

Code A:

function [ filelist ] = LM filelist( folder )
$LM FILELIST Summary of this function goes here

o)

% Detailed explanation goes here

files=dir (folder) ;

if isempty(files)
disp ('Path not found. Typo?'");

end

nfiles=size(files,1);

filelist=cell (nfiles,1);

$filelist=cellstr (filelist);

for i=1:nfiles;
if (not(isempty(strfind(lower (files (i) .name), 'tif'))))

filelist{i}=fullfile(folder, files (i) .name);

end

end

filelist=filelist(cellfun('length',filelist)>0);

end

Code B:

function [ slash ] = LM osslash()
%LM OSSLASH Summary of this function goes here

o)

% Detailed explanation goes here

%gets path delimiting slash character for current operating system

if (strcmp(getenv('os'), 'Windows NT')==1)
slash="\";

else
slash="'/";

end

end
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Code C:

path="\Users\dtpl3dj\OneDrive\Documents\CDT\PhD\Photophysics\NPSe
bleaching\2016 03 09\NPSe 10-4M\';

files=dir (path);

name=strcat (path, files (3) .name) ;

M(:,1:2) = dlmread(name, '\t',17,0);

for I=4:1length(files)
name=strcat (path, files (I) .name) ;

M(:,I-1) = dlmread(name, '\t',17,1);
end

testa=sum (M (543:792,2:end)) ;

plot (testa);

axis ([0 1800 0 inf])

xlabel ('Time / s')

ylabel ('Area under spectrum')

legend ({'Dye + MEA', 'Dye + MEA + GLOX', 'Dye'})

Absorption spectra were recorded at 1 second intervals throughout the course of the
bleaching experiments. Each spectrum was stored in an individual text file. Code A
enabled MatLab to go into each file in order to access the data. Code B ensures files can
be read on OS X, MacOS and Windows operating systems. Code C plots a graph using
Code A and Code B by taking the integral of each spectrum between specified
wavelengths (in this case 543: 792 means between 543-792 nm, and this range is changed
for each dye). The axis dimensions are set using the command line “axis ([0 1800 0
inf])” where, in this case, the x-axis starts at 0 and has a maximum of 1800, and the y-

axis starts at 0 and the maxima is determined by the largest value in the dataset.
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