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Abstract

The present thesis aimed at investigation of the self-association behaviour of novel lipophilic
fluorescent pH sensors with nuclear magnetic resonance spectroscopy. Optical chemical sensors,
for example, molecules investigated in this thesis, have found use in many applications. One of the
most essential properties of such sensors is robustness or inertness to have only limited interactions
in media, as these can lead to changes in the optical properties of the molecules and thus
misinterpretation of the data. In this respect, in acidic solution, as revealed by quantum chemical
calculations and comparison of one- and two-photon absorption spectra of protonated novel
phosphazene sensors, self-dimerisation between the molecules should be evaluated as a possible
contributing factor while interpreting spectral results.

Preliminary findings from dilution series spectra suggested the possibility of self-assembly, which
occurs only when the molecule is protonated by adding one drop of trifluoromethanesulfonic or
hydrochloric acid. However, later discoveries of acid and acetonitrile reaction products described
in this thesis prevented further quantification of the dimerisation constants from being performed
and definite assumptions being made about the self-dimerisation of the molecule. Along with the
result from quantum chemical calculations and optical spectroscopy, the conclusion could be made
that dimerisation is an unlikely source of the observed absorption properties. A detailed
presentation of the findings is undertaken in this thesis.



Annotatsioon

Kaesoleva 16putdd eesmargiks oli uurida uudsete lipofiilsete fluorestseeruvate pH indikaatorite
enese-seostumist tuumamagnetresonantsspektroskoopia abil. Optilised keemilised sensorid,
naiteks kdesolevas [6put66s uuritud molekulid, on leidnud palju kasutust erinevates valdkondades.
Selliste indikaatorite Uks olulisemaid omadusi on robustsus voi inertsus, omada ainult teatud
interaktsioone lahuses, kuna need vdivad p&hjustada muutusi molekulide optilistes omadustes ja
seega komplitseerida andmete tblgendamist. Nagu naitasid kvantkeemilised arvutused ja
protoneeritud uudsete fosfaseen indikaatorite Gihe- ja kahefotoonsete neeldumisspektrite vordlus,
tuleks kaaluda molekulide vahelise enese-dimerisatsiooni véimalikkust.

Esialgsed leiud lahjendusseeria spektritest viitasid eneseseostumise vdimalikkusele ja, et see
toimub ainult siis, kui molekul on protoneeritud, kdesolevas [Gput6ds Uhe tilga
trifluorometaansulfoon- vGi vesinikkloriidhappe lisamisega. Hilisemad avastused happe ja
atsetonitriili reaktsiooniproduktidest ei vbimaldanud arvutada dimerisatsioonikonstante ega teha
I6plikke jareldusi molekuli dimeriseerumise kohta. V&ttes arvesse ka kvantkeemiliste arvutuste ja
optilise spektroskoopia tulemused on molekulide vaheline dimerisatsioon ebatdenaoline
tdheldatud absorbtsiooniomaduste allikas. Detailne tulemuste kirjeldus on toodud kaesolevas
6putdos.



Abbreviations

2PEF two-photon excitation fluorescence
1PA one-photon absorption spectra
2PA two-photon absorption spectra
NMR nuclear magnetic resonance spectroscopy
HG host-guest complex

FID free-induction decay

uv ultraviolet

Vis visible

DFT density functional theory

COosy correlation spectroscopy

Sl supporting information

TfOH trifluoromethanesulfonic acid



Introduction

Scientific developments in many fields, such as in medicine, biochemistry, marine biology, and
others, have connected the pH change of the investigated system to various pathologies, which
brings about a growing interest in advancing pH measuring techniques. One of the proposed
approaches to improving pH sensing is the use of optical chemical sensors, which has been a
growing area of interest over the last four decades and has found a broad range of applications in
real-life uses, such as detecting various metal ions in cells.?

One family of such chemical pH sensors was synthesised by Selberg and colleagues by linking the 7-
amino-4-(trifluoromethyl)coumarin backbone to the phosphazene with different substituents.?
One of the possible applications of these indicators was in two-photon excitation fluorescence
microscopy. However, investigations of the two-photon absorption properties of the protonated
molecules and quantum chemical calculations led to the hypothesis that these novel pH sensors
could self-dimerise.* The potential self-association between the indicator molecules was
investigated by nuclear magnetic resonance spectroscopy, which built the foundation of this thesis.
The results were published in the scientific paper Chemistry — A European Journal (found in the
Ref. [4]) in cooperation with the research group of Professor Aleksander Rebane. The main
objectives of the research were to determine any possible aggregation, specifically, dimerisation,
of the compound, after protonation as aggregation or interaction between sensor molecules could
alter the data or cause misinterpretation of the pH value when used in optical systems.

The thesis includes a literature overview of optical sensors and the research method, results and
discussion, and an experimental part.



1. Literature Review

1.1. Optical Sensors

pH is among the most widely used and essential chemical parameters in many scientific fields. One
of the oldest methods of pH detection involves universal indicators consisting of multiple
compounds with several colour changes in the pH scale, which are added straight to the
investigated solution or impregnated on a reagent paper.® The scale of pH, which is known today,
was first described by a Danish chemist Sgren Sgrensen in 1909, who needed a scale to compare
the acidity of the beer. He defined it as a negative logarithm of the concentration of the hydronium
ions, while nowadays, its activity is used instead.?

The most common pH measuring technique currently involves a combination electrode combining
a reference electrode such as Ag/AgCl and a glass membrane electrode.? The glass electrode and
its applications were first presented in 1909 by Haber and Klemensiewicz, who used a sterilised and
moisturised (soaked in distilled water) glass bulb to measure the titration curve of HCI-NaOH.®

Electrochemical methods provide the fastest and most accurate results in pH analysis. However, as
pH measurements have become more important in the field of medicine for detecting various
pathologies, such as drug resistance, cancer, or Alzheimer’s disease’, some technical disadvantages
are experienced with typical electrochemical methods. Examples of these are electrical
interferences, the necessity of calibration or reference electrodes and the inability to measure in
small systems like cells due to the comparably large size of the electrode. Moreover, with human
tissue monitoring, blood pH levels can drastically change over a matter of minutes. Thus, the
current method, where the blood needs to be drawn from the patient and remotely analysed, is
unable to predict or warn about the patient condition in advance.?

Challenges in pH detection applications in various fields have brought scientists’ attention to
developing optical sensing methods.>® Optical chemical sensors are usually weak acids or bases
with characteristic optical properties in their protonated or deprotonated forms.® The particularly
interesting and valuable aspect of these sensors is that they provide real-time information about
the investigated compound or ions through direct or reagent-mediated detection.>!® The direct
sensors detect the change in the optical properties of the analyte, for example, absorption,
luminescence, or fluorescence intensity, whereas reagent-mediated systems measure the response
of the analyte-sensitive indicator molecule.’?

1.1.1. Design of an Optical pH Sensor

The indicator is most often immobilised on or encapsulated in a solid or liquid phase matrix
permeable to the analyte in the optical sensor systems. Solid matrices like sol-gels or polymer
membranes are commonly used in the reagent-mediated sensors used for pH sensing. The matrix
plays as important role in the effectiveness of the system as the sensor design itself since the matrix
can alter the properties of the probe.l” Its functions include proton diffusion facilitation and
providing the sensor with chemical, mechanical and thermal stability.>®



The design of the optical pH sensor is not a trivial matter. There are many requirements to consider
when constructing the indicator, such as the pK, value, lipophilicity for uses in biochemistry,
chemical stability and photostability, and spectral properties like high extinction coefficient and
absorption/excitation and emission band in the visible region. The last is essential for reducing the
photobleaching effect and enabling the use of low-cost optical components and light sources.?”
What is more, sensors for pH detection in the biological matter should present their optical features
in the red/infrared region because this region exhibits low background noise from other biological
molecules.? Also, membrane-specific probes are expected to have lipophilic moieties to ensure
compatibility with the lipid bilayer structures.

Although many acid-base sensors have been described in the literature?, they exhibit complications
when used in non-polar membranes. One of the significant disadvantages is that they present well-
defined charged groups in their charged states, which causes leaching out of the membranes due
to their hydrophilic nature. Moreover, they are prone to molecular interactions and have a limited
pH detection range.®

All these considerations were taken into account by Sigrid Selberg et al.? in 2019, who aimed to
synthesise a new family of optical pH sensors with high lipophilicity of both neutral and charged
forms. In addition to that, the indicators were aimed to lack localised charges in the protonated
forms and have spectral changes upon (de)protonation, which are observed in the visible spectral
range or even have strong fluorescence.>®

1.2. Novel Lipophilic Phosphazene Based pH Indicators

3 used 7-amino-4-

To fulfil the requirements mentioned above, Selberg et al.
(trifluoromethyl)coumarin as a backbone and phosphazene with different constituents to design
novel fluorescent pH indicators presented in Figure 1. The synthesised indicators contained various
functional groups like phosphazene for basicity and a lipophilicity centre with phenyl and pyrrole
constituents for charge delocalisation, making it possible to create a group of sensors with different

pKa values. In addition, coumarin was used as an absorbing and fluorescing moiety.
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Figure 1. Structures of the fluorescent lipophilic pH sensors synthesised by Selberg et al.> where
different phosphazenes are attached to the 7-amino-4-(trifluoromethyl)coumarin backbone.

Contrary to coumarins, phosphazenes have not been extensively used in molecular sensor systems
despite their excellent chemical stability and availability.>! In the phosphazenes, the nitrogen atom
is connected to the phosphorus atom by a double bond. The behaviour of the double bond is similar
to the phosphorus ylides; it can be present in the form of an ylene with a formal double bond or an
ylide with two opposing charges, where the phosphorous atom has a partial positive, and the
nitrogen atom has a partial negative charge. The general understanding is that the ylide form
contributes more to the resonance hybrid.?
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The ylide character of the nitrogen-phosphorous bond made it possible to have significant electron
delocalisation into the aromatic core of the coumarin. Also, the partial negative charge of the imino
nitrogen functions as a protonation site.’

1.2.1. Coumarins

Coumarins, fused from benzene and a-pyrone ring® (Figure 2), are a widely investigated class of
naturally occurring molecules, first isolated from the tonka beans (Coumarou) by Vogel in 1820,
Currently, around a thousand coumarins have been described as secondary metabolites from

various plants, fungi, and bacteria, with the most important families Rutaceae (citrus) and
).13,15

e
o ©

Figure 2. Structure of the coumarin, 2H-1-Benzopyran-2-one.*

Umbelliferae (celery, carrot, or parsley

The correct structure for coumarin was proposed in 1867 by Stecker.'® The coumarin scaffold
consists of an aromatic planar ring of lipophilic nature, which is described to interact via rt-it stacking
in many biological systems. Moreover, the lactone moiety offers a strong polar binding site for
hydrogen-bonding and dipole-dipole interactions.’® Shortly after that, William Henry Perkin
developed the first synthesis pathway, known as the Perkin reaction consisting of numerous
condensation reactions to afford the coumarin molecule.'®!’

Coumarins gained interest due to their wide range of applications in various scientific fields,
including pharmacology, cosmetics, and food production.’®'® One of the great attributes of
coumarins are their optical properties, such as photostability and high quantum yields, which justify
their application as fluorescent probes.?® The coumarin core has been used to develop sensors for

H3,21,22

cyanide detection in water®, p and detection of metal ions such as mercury®, copper?,

magnesium?® or zinc® in cells.
1.2.2. Optical Properties of Novel Phosphazene pH Indicators

The initial characterisation of the photophysical properties of the novel phosphazene pH indicators
was conducted by Selberg et al.® In addition, the authors were interested in the two-photon
absorption properties of the molecules for applications in biology and medicine through high-
resolution functional microscopy.

Two-photon excitation fluorescence (2PEF) microscopy is an imaging method where two photons
are used for the excitation of a fluorophore instead of one, as is used in linear one-photon
microscopy, whereas the energy of photons in two-photon absorption (2PA) transition is half of the
energy of the photon in respective one-photon absorption(1PA) transition (Figure 3). The technique
is less sensitive to light scattering, offers reduced photobleaching and deeper tissue penetration up
to one millimetre.”’
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Figure 3. lllustration of one-photon (marked in blue) and two-photon (marked in pink) transition
from ground state S to first exited state S;. AE represents the energy difference between the
ground and first excited state, h - Planck’s constant and v — frequency of the photon. Dashed grey
line depicts a virtual intermediate state.??

Matt Rammo et al.>° conducted extensive 2PEF experiments with neutral and protonated forms of
the phosphazene based sensors to determine their 2PEF properties (the detailed description of
experimental methods and results can be found in the Ref. [28]). However, when comparing the
1PA and 2PA spectra of the protonated forms of the molecules, they found a mismatch between
the absorption maxima and line shape.* It is generally expected that the 1PA and 2PA spectra should
have a close match.?! This observation, along with the quantum chemical calculations performed
by Merle Uudsemaa and Aleksander Trummal led to the idea that the investigated phosphazene
sensors can form dimers upon protonation at high concentrations. This assumption was
investigated by nuclear magnetic resonance spectroscopy (NMR), which built the foundation of this
thesis.* The investigations of molecules’ self-association behaviour were necessary for their
potential applications as pH sensors as any interaction or aggregation can lead to faulty data and
misinterpretation of pH.

The following paragraphs will discuss NMR spectroscopy in supramolecular chemistry, an
experimental technique used to characterise the self-association of the compound and
dimerisation.

1.3. Nuclear Magnetic Resonance Spectroscopy
1.3.1. Brief Overview of Nuclear Magnetic Resonance Spectroscopy

NMR spectroscopy is a non-destructive method for structural elucidation of chemical species based
on nuclear spins. Its history goes back to the 1920s when Wolfgang Pauli suggested that nuclei have
spin angular momentum and therefore possess magnetic moments.3*33 From the discovery of the
magnetic moments, many other developments in the method have brought numerous Nobel Prizes
in physics and later its applications in chemistry and medicine.?*

The concept of NMR is based on a theory that atomic nuclei have spin—rotation around one’s axis.
The same applies to protons and neutrons, which form the atomic nuclei as well as the electrons in
the atoms. When spins of the protons and neutrons in the nuclei are not paired, the nuclei are said
to possess charge, and rotation around the axis creates a magnetic field. Therefore, only nuclei with
non-zero spin are NMR active and can be measured.>**3’ For example, one of the most common
isotopes measured with NMR is H, with a spin quantum number of % and a natural abundance of
99.98 %. Whereas carbon isotope 2C, a typical atom found in organic molecules, is NMR inactive,

12



having a spin quantum number of zero. Alternatively, 3C is used instead with a spin quantum
number of %, although due to its low natural abundance, of only 1.11 %, higher concentrations are
desirable.

In all molecular spectroscopy methods, the interest lies in the energy transfer from a photon to a
molecule. In NMR, it is the energy difference between the spin-states. A nucleus with a spin
guantum number % has two spin-states, a with a value of +; and B with a value of -% (Figure 4). As
there is no difference between the energies of the two spin-states, the probability that the nucleus
is in either one is equal. However, absorption of the energy from a photon can only occur when the
spin-states differ in energy (AE). This is generated by orienting magnetic moments of a nucleus in
one of the two directions when it is placed in the external magnetic field B,.3*®

Applied magnetic field B,

h
EZY—BO |
41 1
? ‘B jm = — /2
. v
& Nofield - vh
g Op ——< AE =—B8,
S S 2m
| A
b I = 4 1
a m=+
=g &
=~ Bo

Figure 4. Energy levels and magnetic moments for a nucleus with a spin quantum number of %. AE
represents the energy difference between the spin-states and is proportional to the strength of the
applied magnetic field, where y — gyromagnetic ratio, h - Planck’s constant and By, is the strength
of the applied magnetic field.?-38

When nuclei in the lower energy state in the external magnetic field are exposed to electromagnetic
radiation with a radio frequency that exactly matches AE, they are excited to the higher energy
spin-state. The relaxation to the lower energy state is saved as free-induction decay (FID) when the
NMR spectra are recorded. Fourier transformation is used to convert the FID, which is in the time
domain and complicated to interpret, to the frequency domain, which gives the NMR

spectrum. 13637

1.3.2. Nuclear Magnetic Resonance Spectroscopy for Supramolecular Systems

NMR has found great significance in a broad range of applications in chemistry, biochemistry, and
in medicine as magnetic resonance imaging. Its ability to describe the environment of atomic nuclei
in the molecular and complex structures is utilised in the supramolecular chemistry to provide
information about the regions of the molecule which take part in complex formation and to
describe the symmetry of components and aggregates.>®

In supramolecular chemistry, the interest lies in the complex formation of the host, usually a larger
molecule, and guest(s) via noncovalent interactions. These chemical machines have found many
real-life applications, such as chemical sensing of blood ion concentrations or continuous glucose
monitoring, metal extraction from ores, and drug delivery or removal to/from the human body.*

13



One significant property in all the applications is the binding constant, which provides information
t.41

about the affinity of the host towards a certain gues
One of the methods to determine the binding constant of the HG complex are NMR titrations,
where the host concentration is kept constant through the experiment, and guest concentration is
gradually increased. As the chemical shifts of the individual host and guest are different from the
chemical shifts of the host and guest in complex, the binding constant can be calculated based on
a single 'H NMR titration experiment. In the fast exchange kinetic systems, where chemical shifts
are the weighted averages of the free and bound host, the binding constant can be calculated from
the data gained from the titration experiment.*?

In addition to the binding constants, NMR titration experiments could give information about the
structure of the HG complex as the atoms in the interacting functionalities experience the most
significant chemical shift changes.*?

Self-association is a process whereby two of the same molecules interact with each other. For
example, similarly to host-guest binding, a molecule can form a dimer with itself. NMR allows to
determine the binding characteristics and strengths of this association, similarly to host-guest
binding of two different species.

1.4. Investigation of Dimerisation by Nuclear Magnetic Resonance
Spectroscopy

Dimerisation is one of the phenomena investigated in supramolecular chemistry alongside host-
guest processes, molecular devices, and machines.*® Supramolecular chemistry has been described

nas

as “chemistry beyond the molecule”*, referring to the fact that compounds are constructed by

linking them with intermolecular forces, such as hydrogen or halogen bonds, n-rtinteractions etc.*

The strength of the self-association in the dimer is described with the dimerisation constant, which
explains the monomer-dimer equilibrium in the system. Dimerisation could be expressed with the
following equation:

M+M=D (2)
[D]
K; =—=, 2
* = T2 @
where M is the monomer, D is the dimer,[M] and [D] are their molar concentrations; K is the

dimerisation constant.*6%8

With the 'H NMR, there is a possibility to determine the dimerisation constants in the solution-state
by measuring the changes in the chemical shifts via serial dilution.** With the dilution, it is expected
that the monomer concentration increases whereas the dimer concentration decreases.>°

In the molecular systems where the monomer-dimer equilibrium has fast exchange kinetics
compared to the NMR time scale, the observed chemical shift of the signal is a weighted average
of the monomer and dimer chemical shifts.>! This observed chemical shift (§,,) can be expressed
by the following equations (3-5):

14



8obs = XmOm + Xa0a = 6m + (6q — 6m)Xa (3)

Xm + Xda = 1 (4)
[M]o = [M] + 2[D], (5)
where 6§, and 8; are monomer and dimer chemical shifts; x,, and y,; are mole fractions of the

monomer or dimer form; [M], is the total concentration.*’~952
Using the equations (3-6) in the dimerisation constant calculations, the monomer-dimer
equilibrium can be stated as:>

(5d - 6m)(5obs - 5m)

K; = . 6
¢ 2(84 — 8ops)?[M]y ©)

Nowadays, specialised fitting programs are created to determine the binding constants for different
supramolecular systems and spectroscopy methods. For example, Bindfit from supramolecular.org,
which Professor Pall Thordarson founded in 2015.3%>*

1.4.1. Dimerisation of Novel Phosphazene pH Indicator Based on Structure 1a

NMR spectroscopy studies of the assumed self-assembly of the fluorophores synthesised by Selberg
et al.> were conducted based on the molecule variant 1a (Figure 1) due to three equal phenyl
substituents attached to the phosphazene moiety preventing complicated structure analysis of the
asymmetric substituents. The molecule exhibits an extended conjugated m-electron system
enlarged by the phosphazene constituent.°

The resonance structures of compound 1a coumarin moiety are presented in Figure 5. The nitrogen
atom is donating its lone pair of electrons to the m-electron system of the coumarin function. The
conjugation of the system increases the electron density on the carbon atoms in positions 3, 6, 8
and 10, giving them partial negative charges. As a result, the electron density near the hydrogen
atoms attached to the carbon atoms also increases, which causes a shielding effect resulting in an
upfield shift in the *H NMR spectrum.3® Phenyl groups attached to the phosphazene moiety are
expected to have higher downfield chemical shifts due to the deshielding effect of the ring

current.®
CF, H, CFy H,
m -]
CFy H, CF3 Hq / NSpph, © !
8
Hy ~ Hg Hj Hg
>
0”0 N 0”0 D
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Hg Hg CF3 Hg
\Hs Hg
®
0 NS
SPPh,
H8

Figure 5. Resonance structures of 1a with the designation of its protons by numbers.

The molecule has two possible protonation sites: carbonyl oxygen on the coumarin moiety and the
nitrogen atom linking the phosphazene and coumarin functions. Quantum chemical calculations
have shown that the preferred protonation site is nitrogen (Figure 6).>*° Upon protonation, the
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conjugation in the molecule is diminished * as the nitrogen does not have a lone pair of electrons
to donate to the m-system. The diminished conjugation between the coumarin moiety and the
linking nitrogen atom ought to cause downfield chemical shifts for the hydrogen signals Hs, Hs and
Hg due to the decreased electron density compared to the neutral molecule.®

CFy H. CF; H, CF, Hqg
H3 = HG [H+] H3 = HG H3 = HG
|-|14 H14
0~ o N 0~ Mo N2 0~ 0 N.
“PPhy b @ PPhy “PPh,
8 8 8
1a 1la*

Figure 6. The structure of the variant 1a of the fluorescent lipophilic pH sensors synthesised by
Selberg et al.? and its resonance structures after protonation.

The other process suggested upon protonation at higher concentrations is homodimerisation via
hydrogen bond formation. The hydrogen atom attached to the nitrogen atom functions as a
hydrogen bond donor and the carbonyl oxygen as an acceptor in the dimer.* In this process, the
oxygen atom donates part of its electron density to the nitrogen atom through a hydrogen bond
and the ortho- and para- positions to the nitrogen atom become richer in electron density.>® This
causes Hs and Hs upfield positions compared to the protonated monomeric compound in the *H
NMR spectra.

Two possible structures of the protonated 1a dimers are illustrated in Figure 7. When looking at the
dimer in Figure 7a, it is expected to observe one set of chemical shifts for each proton in the
molecule since the electronic environment for the protons in both monomers is the same — the
dimer is symmetrical. Whereas in the case of the dimer in Figure 7b, two signals for every proton
would be expected. This is due to the different electronic environments of the hydrogen bond
donor and acceptor monomers participating in the dimer formation. In the acceptor, the monomer
chemical shifts are assumed to appear more upfield compared to the donor molecule.®

CF,
H
~ @6 CF,
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Hg H H ® H
H o H 8 | 7 @6 070 'ﬁ'/
~N 0.__0: _H H PPh
Ph;P"® 7 o~ © N 8 3
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HG G ] 3
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Figure 7. Two of the possible dimer structures for protonated 1a.

16



2. Results and Discussion

The research aimed at investigation of possible self-association, specifically dimerisation, of the
novel lipophilic pH sensors synthesised by Selberg et al.> with NMR spectroscopy. With an original
hypothesis from the results of 1PEF and 2PEF experiments and quantum chemical calculations, the
thesis set to explore whether dimers can form in solution when the samples are acidified. To
achieve this, compound 1a was chosen as a model compound for the serial dilution experiments
conducted in neutral and acidic conditions, where trifluoromethanesulfonic acid (TfOH) or
hydrochloric acid (HCI) were used as an acidifying agent in the acetonitrile-ds (CD3CN) solution.
Chemical shift changes and movement direction of the 1a proton signals were monitored as an
indication of the protonation and self-dimerisation, paying particular attention to the signals Hs, He
and Hg as these are most affected by conjugation of the nitrogen and carbonyl group in the structure
of 1a. During the present study, discoveries of the acid and CDsCN solvent reaction products were
discovered. The performed work was therefore focused on understanding these acid-solvent
interactions.

The NMR experiments presented below are numbered, and italic capital letters denote additional
signals not seen in the neutral compound spectra for clarification.

All experiments were conducted under the supervision of senior research fellow Jasper Adamson,
PhD and junior research fellow Helena Vanessa Roithmeyer, PhD.

2.1. Analysis of 1a in Neutral Conditions

Investigations of possible aggregation of novel fluorescent pH sensor 1a began with the experiment
in neutral conditions to prove the assumption that self-association occurs only in acidic conditions
and to have a reference spectrum for later uses to demonstrate that adding an acid to the sample
protonates the molecule.

'H NMR measurements of dilution series in neutral conditions (experiment 1) were conducted with
1a in CDsCN at 298 K. Dilutions of the samples were carried out in a way where a defined amount
(specified in Appendix 3, Table 5) of the previously measured sample was transferred into a new
NMR tube and diluted with CDsCN to a specific concentration (concentrations are found in
Appendix 3).

A comparison of the dilution series spectra (Appendix 1, Figure 22) did not show significant chemical
shift changes for the signals of compound 1a, indicating that the self-assembly does not occur
between neutral molecules. As well as that, traces of the solvents used in the synthesis and previous
analysis methods were detected. The residual solvent signals were identified by comparing
experimental data to the 'H NMR measurements conducted by Selberg et al. during the synthesis
and presented in the Sl of the paper.? Traces of water, toluene, and chloroform were discovered
(Figure 8).
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Figure 8. 'H NMR spectrum of experiment 1 at 4.01 mM 1ain CDsCN at 298 K. The proton signals of

1a are marked in grey. The assignment of the signals to the protons of compound 1a was based on
the correlation spectroscopy (COSY) spectrum (Appendix 1, Figure 20).

2.2. Analysis of 1a in Acidic Conditions with the Addition of TfOH

2.2.1. Comparison of the NMR Spectra of Neutral and Protonated 1a

It was noticeable that the acidified sample of 1a (Figure 9b) resulted in significant downfield
chemical shifts compared to the neutral condition spectra (Figure 9a). This corresponds to the
assumption described earlier that the conjugation is diminished upon protonation due to the
decrease of the nitrogen atom’s ability to donate its lone pair of electrons in the aromatic systems.
Thus, protons in the coumarin moiety of the protonated molecule experience higher deshielding
effects.

(b) 1a + CD,CN + TfOH

4.00mM HyHyp Hy,  Hg HgHg H;
WMo, JL_|u
(a) 1a + CD,CN ‘,‘Tt ________
4.01mM T
|
, ]
v Mo MM, H o Hg  Hy H,
8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6 6.4 6.3
'H (ppm)

Figure 9. 'H NMR spectra of 1a in CD3CN: (a) of experiment 1 at 4.01 mM spectrum at 298K, (b) of
experiment 2 at 4.00 mM spectrum acidified with a drop of TfOH, at 293 K. The proton signals of 1a
are marked in grey and 1a* in blue. Pink arrows indicate signals downfield shifts due to protonation.

2.2.2. Chemical Shift Changes in the Experiment 2 Spectra

After investigating the 1a in neutral conditions, the dilution experiments were repeated with TfOH
to monitor chemical shift changes, suggesting possible dimerisation between the molecules under
these conditions. To perform the measurements of experiment 2 in acidic conditions, samples were
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prepared in the same manner as in experiment 1. However, before the first 'H NMR measurement,
one drop of TfOH was added to the NMR tube (Appendix 3, Table 5).

Upon acidification, the experiment 2 dilution series spectra showed significant chemical shift
changes for protons Hg, Hs, and Hs (Figure 16). It was noticed that for the first six experiments (until
1.32 mM), the chemical shifts for the investigated protons moved in one direction and then in the
opposite direction. Changes in the initial chemical shifts can be rationalised by the changes in the
electron density upon dimerisation.

(a) (b) ,
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Figure 10. 'H NMR spectra of experiment 2 of 1a in CDsCN acidified with one drop of TfOH at 293 K:
(a) stacked spectra of the serial dilutions with a zoom to the areas of interest, (b) the full spectrum
at 4.00 mM. The proton signals of 1a* are marked in blue and additional signals not seen in the
neutral spectra (1) are marked in green. *Spectrum with a concentration of 0.84 mM, deformation
of the spectra is caused by shifting water signal.

As previously described (Figure 7), upon dimerisation, the conjugation in the coumarin moiety is
partially restored as the carbonyl oxygen donates its electron density to the nitrogen atom via
hydrogen bonding and from there to the n-system into ortho- and para- positions, explaining the
He and Hs upfield shifts compared to the protonated monomer. Signal Hs, on the other hand, moved
in the opposite direction from signals Hs and Hs. In the more concentrated samples, where we
expect the dimer to form, the signal appears more downfield compared to the less concentrated
(1.32 mM) sample. This can be explained by the decreasing electron density around the carbonyl
oxygen when the dimer is formed via hydrogen bond formation.

In addition, due to the fact that there is only one set of signals observed in the *H NMR spectra, the
the dimer is most likely associated with the structure depicted in Figure 7a.

Upon gradual dilution, dissociation of the dimer to protonated monomer is expected. For the
signals Hg and Hs, it was observed as downfield and for the Hs upfield chemical shifts between the
concentrations of 4.00 to 1.32 mM. As the dimer dissociates, the NMR spectra correlate more with
the protonated monomer spectra, where the conjugation of the molecule is diminished. At
1.32 mM, it is estimated that there are mostly protonated monomers present in the sample.
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From a specific concentration (1.32 mM) in the dilution series (Figure 10a — marked with a pink
arrow), signals moved in the opposite direction from the initial change. This is caused by two
intertwined factors, which reduce the likelihood of dimer formation. Firstly, the acidity of the
samples gradually changed over the dilution series, which was observed by the chemical shift
changes of the water signal (Appendix 1, Figure 24). Secondly, fewer coumarin molecules were
available for self-assembly due to the dilution. These factors occurred due to the design of the
experiment, where the acid was added only to the first sample, and the following samples were
diluted. This caused the previously acidic samples to turn less acidic, and fewer molecules were
protonated, thus decreasing dimerisation. According to the literature, protonation is the crucial
element for 1a dimerisation.*

These two factors were changing the NMR spectra in the diluted samples in a way that was more
in agreement with the chemical shifts of the neutral monomer of the compound rather than the
dimer or protonated monomer, which means that the nitrogen atoms’ ability to donate its electron
density to the aromatic system was significantly increased and therefore conjugation in the
molecule was restored. This correlated with He and Hs upfield and Hs downfield shifts observed in
the experiment 2 spectra.

2.2.3. Evaluation of the Additional Signals in Experiment 2

In the stacked spectrum of experiment 2 (Figure 10a), one could observe signal A, which was not
present in the experiment with the neutral compound (Figure 8). Moreover, an overlap and shift of
the signal from Hi, were observed. Integration of the Hi> peak in the 4.00 mM spectrum (Figure
10b) indicated the presence of seven protons, whereas, in the 1.32 mM spectrum, where A was
shifted downfield in comparison to Hi,, it showed six. The signal A with an integration of one is
estimated to belong to the proton His attached to the nitrogen atom.

Additionally, when the spectrum of 1a with TfOH (Figure 10b) was compared to the neutral solution
spectrum, a signal B was noticed in the 8.37-9.03 ppm range. The signal was assumed to belong to
amide, which was confirmed later to belong to protonated acetamide (Figure 14).

2.2.4. Analysis of 1ain the Constantly Acidic Conditions with the Addition of TfOH

In the previous experiment (Figure 10), compound 1a was observed to undergo multiple chemical
processes, such as dimer dissociation and deprotonation, due to dilution and, consequently, acidity
changes to neutral (Appendix 1, Figure 24). Moreover, additional signals not seen in the neutral
experiment spectra were observed. Thus, we could not determine the dimerisation constant from
the obtained data.

The NMR experiment 3 was undertaken to prevent acidity changes during the dilution series. In this
experiment, the stock solution was prepared from 1a and CDs;CN, and a certain amount (specified
in Appendix 3, Table 6) was transferred into NMR tubes and diluted to the desired concentration.
Before the measurements were conducted, a drop (2.5 pl) of TFOH was added to each tube.

In Figure 11b, the chemical shift of the water/acidic proton varies widely over the dilution series,
indicating that the samples did not have uniform acidic conditions. Constant acidity was especially
important as the previous experiment showed that chemical shifts of the compound signals
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correlate with acidity. For example, signal Hg shifted upfield in the more acidic conditions
(concentrations 2.10 and 4.14 mM) than in less acidic (Figure 11a). Signal A previously assigned to
the Hi4 proton (Figure 11b) of the compound, and Hs; behaved similarly.
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Figure 11. 'H NMR spectra of experiment 3 of 1a in CDsCN acidified with 2.5 pl of TfOH at 298K: (a)
stacked spectra of the serial dilutions with a zoom to the areas of interest, (b) full stacked spectra
of the experiment. The proton signals of 1a* are marked in blue and additional signals not seen in
the neutral spectra (1) are marked in green. Pink arrows indicate the samples with the highest
acidity.

Furthermore, in Figure 11b, additional signals C, D and E (signal shape can be seen in Appendix 1,
Figure 27) are observed. The singlets C and D were characteristic of more acidic samples, whereas
the multiplet E exhibited a higher intensity in the more diluted samples. These observations
indicated that the solvent and the acid reacted in the NMR tube. As the dilution series
measurements were conducted from the highest to the lowest concentration, the last sample had
more time and acid to react and thus exhibited higher intensity than the peaks observed for the
reaction of product E.

As the acid concentration in the samples was not constant, an NMR experiment (4) was undertaken
to unify the sample acidity across the dilution row. Therefore, another 7.5 pl of TfOH was added to
each sample in NMR tubes. As seen from the spectra (Figure 12b), consistent acidity was achieved.
On the other hand, adding more acid significantly increased the number of additional signals (Figure
12a) and, therefore, side reactions, which was also apparent in the form of a colour change of the
samples. Moreover, previously colourless samples turned yellow, followed by red. With the colour
changing to red, the viscosity of the sample changed to having sticky consistency (see Appendix 2,
Figure 32).
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Figure 12. 'H NMR spectra of experiment 4 of 1a in CDsCN acidified with 10 pl of TfOH at 298 K: (a)
stacked spectra of the serial dilutions with a zoom to the areas of interest, (b) full stacked spectra
of the experiment. The proton signals of 1a* are marked in blue and additional signals not seen in
the neutral spectra (1) are marked in green.

In experiment 4 spectra depicted in Figure 12, it was observed that the signals of 1a did not undergo
significant chemical shift changes upon dilution in constantly acidic conditions. This could indicate
that the additional compounds forming from acid and solvent reactions do not significantly affect
the chemical environment experienced by the 1a molecules. However, the magnitude of the factors
affecting the 1a chemical signals cannot be deduced from experiments conducted in this thesis.

2.2.5. Acetonitrile and TfOH Interactions

Investigations of the solvent and TfOH interactions with NMR were critical for understanding and
explaining the origin of the additional signals and their association with the novel fluorophores.

From Figure 13, where TfOH and CDsCN solution spectra are depicted, the conclusion can be made
that all the additional signals in the previous spectra with 1a and colour changes in the samples
arise from TfOH and CHsCN interactions. Extensive research about a wide variety of reaction
products in CHsCN and TfOH solution was done by George E. Salnikov et al.>® in 2012. The formed
compounds could interact with each other, be protonated, or decompose over time. The exact
composition and ratio of the reaction products in the sample varies due to the acid and solvent
ratios.”®

22



(c) four drops
of TfOH -
bright yellow

(b) four drops of
TfOH -

pale yellow L
(a) a drop of TfOH -
colourless
cD B E
15.0 14.0 13.0 12.0 11.0 10.0 .0 8.0 3.0252.0

H (ppm)

Figure 13. 'H NMR stacked spectra of experiment 5 of CDsCN acidified with TfOH at 298 K: solvent
is acidified with (a) a drop of TfOH (colourless), (b) four drops of TfOH (pale yellow), (c) previous
sample after some time (bright yellow). Additional signals not seen in neutral spectra of 1a (1) are
marked in green.

When comparing the experimental spectra with the data obtained by George E. Salnikov et al.*®,
signal B could be assigned to protonated acetamide (Figure 14, 2). According to the literature,
acetamide is likely to be one of the major reaction products as the CH:CN molar ratio to the TfOH
was very high (=100:1). The other formed side products are tautomers 3 and 4. In the solution,
these molecules will undergo an electrophilic attack, forming compound 5, or oligomerisation,
producing compound 6 and other higher-ordered oligomers.*® These oligomers could be the reason
for the changes in the viscosity and colour of the samples in this thesis. Furthermore, changes in
the viscosity of the samples could be one of the contributing factors to our inability to quantify
dimerisation constants.
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Figure 14. Compounds that are formed in the reaction of CH;CN and TfOH.>®
2.2.6. Conclusion of the Experiments with TfOH

In conclusion, the initial experiments with TFOH were promising in finding information about the
dimerisation of 1a. From the first dilution experiment with TfOH, an association of the initial
chemical shift changes of the protons in the coumarin moiety to dimerisation of the molecule could
be made. However, further calculations of the dimerisation constant could not be performed due
to the findings of multiple processes in the experiments and CHsCN and TfOH reaction products.
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Hence, based on our findings, the combination of CHsCN and TfOH is unsuitable for studying
dimerisation between novel phosphazene based fluorophore 1a.

2.3. Analysis of 1a in Acidic Conditions with the Addition of HCI

Further experiments to investigate the aggregation of 1a were conducted using 37 % HCl as an
acidifying agent.

2.3.1. Comparison of the Neutral and Protonated 1a NMR spectra

In the figure below, one can observe the spectrum of experiment 1 (Figure 15a) captured in a
neutral environment compared to the spectrum of experiment 6 (Figure 15b) in an acidic
environment. Similarly, to experiment 2 with TfOH (Figure 9), the chemical signals of the protonated
sample were shifted downfield compared to the signals of the neutral molecule, confirming the
protonation of 1a with HCl in experiment 6.

(b) 1a + CD,CN + HCl
4.00 mM HiHy Hy,  H Hg H,
k " o
(a) 1a + CD,CN
4.01 mM
NLJLJI-L

. . . . . . Hli. H1.3H1.2 . l-.l‘; . . . . . ; . : . : .
84 82 80 78 76 74 72 7.0 68 6.6 6.4 6.3
'H (ppm)

Figure 15. 'H NMR spectra of 1a in CDsCN: (a) of experiment 1 at 4.01 mM spectrum at 298K, (b) of
experiment 6 at 4.00 mM spectrum acidified with a drop of HCI at 298 K. The proton signals of 1a
are marked in grey and 1a* in blue. Pink arrows indicate signals downfield shifts due to protonation.

2.3.2. Spectral Changes in Experiment 6

Experiment 6 was performed similarly to 2 however, a drop of HCl was used instead of TfOH, then
serial dilutions were made, and their *H NMR spectra were measured.

In experiment 6 spectra (see Figure 16), the water signal overlapped with the investigated signals,
making observations of the chemical shift changes of 1a signals difficult. Although uniform chemical
shift changes were detected for the Hs, He and Hg (Figure 16), their pattern change, sigmoidal
function or S-curve, is more complex and challenging to rationalise than the experiments conducted
with TfOH (Figure 10).
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Figure 16. 'H NMR spectra of experiment 6 of 1a in CDsCN acidified with one drop of HCl at 298 K:
(a) stacked spectra of the serial dilutions with a zoom to the areas of interest, (b) the full spectrum
at 4.00 mM. The proton signals of 1a* are marked in blue and additional signals not seen in the
neutral spectra (1) are marked in green.

In the case of experiment 6, we would expect the transition point of the mostly dimer present in
the sample to the protonated monomer to be at 3.80 mM. In experiment 2 (Figure 10), it was
identified to be at 1.32 mM. The less acidic environment in experiment 6 compared to 2 (see
comparative spectra in Appendix 1, Figure 30) explains the earlier dissociation of the dimer to
protonated monomer. Here again, one could observe the chemical shift of the water signal to
evaluate the acidity of the samples.

Similarly to experiment 2, signals He and Hs exhibit initial downfield movements upon dilution as
dimers dissociate to protonated monomers, followed by upfield shifts due to decreased
protonation of the molecules. Opposite shift directions were experienced with Hs. Interestingly, the
He and Hg signals in the 0.01 mM spectra are slightly more deshielded than the signals in the
0.05 mM spectrum. This shift can occur for various reasons, one of them being reaction products of
the HCl and the solvent, which are described later in detail.

2.3.3. Evaluation of the Additional Signals in Experiment 6

When the signals were integrated in the experiment 6 spectra (Figure 16), the overall integration
of the proton signals in the aromatic region between 7.84-7.93 ppm (assigned to Hi; and His)
revealed 10 protons (Appendix 1, Figure 28). The additional proton was previously assigned to Hia.

Furthermore, similarly to the TfOH experiments, many additional peaks had appeared (Figure 16).
This time singlet (H) and pentet (/) in the 2.4 ppm, three singlets (G) in the 6.8 ppm and signal F in
the 8.7-9.5 ppm range.

2.3.4. Kinetic Experiment with the Addition of HCI

To investigate if the changes that occurred in the two-photon experiment spectra over time were
constant®?, kinetic experiment 7 was conducted to study how the sample is changing over a period
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of time. For this, 4.00 mM of 1a solution in CD3CN was prepared, acidified with one drop of HCl and
measured at different time intervals for 21 h.

Figure 17 exhibit the spectra of experiment 7, here, one could observe that the signals belonging
to the compound protons (marked in blue) do not have significant chemical shifts nor intensity
changes, however, the additional signals F and G are moving downfield and intensifying. Also, the
signal | is growing in intensity over the measurement time. This led to the assumption that the
additional signals (marked in green) might not be associated with the molecule under investigation
but with solvent and acid interaction.
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Figure 17. 'H NMR stacked spectrum of experiment 7 at 4.00 mM 1a in CDsCN acidified with one
drop of HCl at 298 K with time intervals from 11-1260.5 minutes. The proton signals of 1a* are
marked in blue and additional signals not seen in the neutral spectra (1) are marked in green. To
illustrate signal F intensity changes during time, this part of the spectra has been made more intense
compared to the other regions.

2.3.5. Acetonitrile and HCl Interactions

After the kinetic experiment 7 was measured, the sample was left at room temperature, and within
five days, colourless crystals (Figure 18a) formed in the NMR tube. At first, there were two distinct
layers in the solution, however, they disappeared after a month. Since there was the assumption
that additional signals in the spectra appear from the solvent and acid interactions, a drop of HCI
was added to pure CDsCN solvent, which led to the formation of crystals of similar morphology
(Figure 18b), supporting the hypothesis. Attempts to resolve the crystal structure of the sediment
were unsuccessful.
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Figure 18. (a) — crystals formed in the kinetic experiment 7 NMR sample after five days. The sample
was made of 4.00 mM 1a in CDsCN and acidified with HCl. (b) — crystals formed in the CDsCN
acidified with a drop of HCI.

Following this, the hypothesis was made that additional signals G, H, I and F from experiment 6
spectra (Figure 16) indicate the presence of acetic acid and ammonium chloride formed from acid-
catalysed hydrolysis of nitriles. The triplet signal G was assighed to the NH4* according to
literature®’, where a 1:1:1 triplet was detected in the region of 7.17 ppm with J 1a,_1, coupling
value of 52 Hz. From the Cambridge Isotope Laboratories NMR solvent data chart, the methyl group
signal of the acetic acid-d: was identified as the pentet signal / in the 2.33 ppm with the coupling
constant of 2.29 Hz.58 Broad signal F in the 8.8-9.8 ppm range could belong to the acidic proton of
acetic acid.

To investigate the appearance of these additional signals in the NMR spectra, a reference sample
consisting of CD3CN with a drop of HClI was measured (Figure 19). The resulting spectra of
experiment 8 strengthen the assumption that extra signals that were not seen in the spectra of
neutral 1a (marked in green) were again caused by CH3CN and acid interactions as it was with TfOH.

(b) 3 h later

H (ppm)

Figure 19. 'H NMR stacked spectra of experiment 8 of CD3sCN acidified with a drop of HCl at 298 K:
(a) spectrum was measured immediately after adding the acid, (b) 3 hours after the acid addition.
Additional signals not seen in neutral spectra (1) of 1a are marked in green.

Comparing the spectra of the samples taken 3 hours apart, one could observe the increase in the
intensity for the signals F, G and I (Figure 19b), as was seen in the kinetic experiment 7 spectra
(Figure 17).

2.3.6. Conclusion of the Experiments with HCI

In conclusion, the data obtained from the first experiment with HCl indicated the possibility of
dimerisation of 1a. However, discoveries of CDsCN and HCl reaction products in the NMR spectrum
prevent definite assumptions about the dimerisation or aggregation of 1a, especially when one of

27



the reaction side products is another acid, which concentration is observed to increase during the
kinetic experiment.
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3. Experimental

3.1. General Information

All NMR experiments were carried out using Eurisotop CDsCN as a solvent and Bruker Avance-IlI-
800 MHz spectrometer. Compound 1a was provided by Matt Rammo and weighted with Sartorius
Microbalance with the precision of 1 pg. For the experiments in acidic conditions,
trifluoromethanesulfonic acid (TfOH, Sigma-Aldrich, 99 %) and hydrochloric acid (HCI, Sigma-
Aldrich, 37 %) were used. Solutions were placed into 3 or 5mm NMR tubes with Hamilton syringes
and homogenised by vortexing the samples.

All the spectra gathered were analysed with MestReNova software. Chemical shifts were
referenced based on CD;CN residual peak (pentet) at 1.940 ppm and processed with baseline and
phase corrections. Bindfit>® was used as an example of a data fitting program to calculate the
dimerisation constants.

3.2. Experimental Procedures

The dilution experiments 1, 2 and 6 'H NMR spectra were collected as soon as the samples were
prepared in the order of concentration decrease. Measurements were taken with P1 = 30°, other
parameters for the experiments can be found in the appendix (Appendix 3, Table 4). Experiments
taken to investigate 1a dimerisation are listed in Table 1.

Table 1. Experiment notations and descriptions of *H experiments were conducted to investigate
coumarin derivative dimerisation.

Experiment notation Description of conducted *H experiments

1 Dilution experiment with 1a in CDsCN

2 Dilution experiment with 1a in CD;CN acidified with a drop of TfOH

3 Dilution experiment in a constantly acidic environment with 1a in
CDsCN acidified with 2.5 ul of TfOH

4 Dilution experiment in a constant acidic environment with 1a in CDsCN
acidified with 10 pl of TfOH

5 Interaction between CDsCN and TfOH
Dilution experiment with 1a in CDsCN acidified with a drop of 37 % HCI

7 Kinetic experiment with 4 mM 1a in CDsCN acidified with a drop of
37 % HCI

8 Interaction between CD3sCN and HCI

9 COSY experiment of 1a

1 - dilution experiment in neutral conditions

The first sample was prepared by dissolving 1.275 mg of coumarin derivative 1a in 650 pl CDsCN,
600 pl of the solution was added to a 5mm NMR tube, and the *H NMR spectrum was measured.
After measuring the first sample, the solution was pipetted from the NMR tube to a vial. For the
second sample, a defined volume (see Appendix 3, Table 5) of the first sample was placed in a new
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NMR tube and diluted to a specific concentration with CD3;CN. The dilution series of the samples
was conducted according to the dilution method described for sample two.

It was decided to omit samples 7, 8 and 10 from the NMR measurements during the experiment
because previous measurements did not show any spectral changes or significant chemical shift
changes.

2 and 6 — dilution experiments in acidic conditions

Serial dilutions were conducted in the same manner as in experiment 1 however, before the NMR
measurements, a drop of TfOH for experiment 2 and a drop of HCI for experiment 6 were added.
This destained the previously yellow solution into colourless. The dilution row was conducted as
described before.

3 — dilution experiment with 2.5 pl of TFOH

The stock solution was made by dissolving 6.109 mg of 1a in 1584.7 ul CDsCN. The yellow stock
solution was added to 3 mm NMR tubes according to the experimental plan (Appendix 3, Table 6)
and diluted to a specific concentration with CD3sCN. Before the first measurements, 2.5 ul of TfOH
was added to every tube, giving colourless samples.

Dilution series were measured with an autosampler in the consecutive row.

4 - dilution experiment with 10 pl of TfOH

When the spectra of experiment 3 were analysed, the decision was made to add more acid (7.5 ul)
to unify the acidity of the samples. After adding the extra TfOH (in total 10 pl) first three samples
turned yellow.

5 — CDsCN and a drop of TfOH, four drops of TfOH and after some time

For the experiment, 150 pl of the CDsCN and a drop of TfOH were added to the 3 mm NMR tube
and measured. After the first measurement, more acid was added (in total, four drops), the solution
turned pale-yellow, and the sample was measured. The third measurement was conducted after
some time when the sample had turned bright yellow.

7 — kinetic experiment

Experiment 7 was carried out with 1.278 mg of the 1a in the 600 pul CDsCN solution acidified with a
drop of 37 % HCI. In this experiment, *H NMR spectra were measured after different time intervals
(Appendix 3, Table 7) to see how the sample changed over time.

8 - CDsCN and a drop of HCI

Sample preparation and the NMR measurements were conducted in the same manner as in
experiment 5, but with HCI. Two spectra were collected: one after adding a drop of acid and the
second after 3 hours.

9 — COSY experiment
For the experiment, 0.866 mg of 1a was dissolved in 600 pl of CDsCN, and the COSY spectrum was
measured.
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3.3. Data Fitting with Bindfit

Although Bindfit fits were conducted in this thesis, their data cannot be used as an indicator of self-
assembly of 1a due to the multiple processes in the samples and interactions of acid and solvent.

An excel file was created to fit the chemical shift data obtained from the NMR spectroscopy
measurements with Bindfit. The file consisted of molar concentrations (C, M) of the samples, and
corresponding chemical shifts (J, ppm) of the signal under investigation were added. Chemical
shifts of the signals were obtained from Mnova. The Bindfit fits in this thesis were undertaken as a
learning exercise and are included for completion.

The completed files were uploaded in the Bindfit for NMR dimer aggregation fitting. The method
used for data fitting was Nelder-Mead (Simplex), as the program recommended it as a more
powerful option. Also, the parameter “Subtract initial values” was unticked to include the first data
row into the fitting.
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Conclusions

The present research aimed at determination of any possible self-association of the protonated
form of the novel phosphazene based pH sensor 1a with NMR spectroscopy. In the H spectra, shifts
of the chemical signals, especially Hs, He and Hs, were monitored as an indicator of protonation and
dimerisation. According to the literature, the protonation of the nitrogen atom, linking coumarin
and phosphazene moiety, causes downfield shifts of the 1a signals due to diminished conjugation
in the aromatic system. The opposite was found for dimerisation, in the dimer conjugation is
partially restored as carbonyl oxygen donates its electron density to nitrogen atom via hydrogen
bond formation.

This study has shown that:

e Protonation is the key factor for the potential dimerisation of 1a, as no significant chemical
shift changes were observed in the dilution series experiment in neutral conditions.

e Experiments conducted in acidic conditions with TfOH and HCl suggest protonation and
dimerisation of the molecule, as the chemical shift changes corresponding to diminished
conjugation upon protonation and restored conjugation upon dimerisation were detected.

e Also, the third process corresponding to chemical shift changes indicating deprotonation of
the nitrogen atom was seen at higher dilutions.

e The additional signals were discovered and subsequently assigned to acidic hydrolysis
reaction products of the acid and solvent. Both acids used in the experiments were reacting
with CH3CN.

Although preliminary findings supported the hypothesis of self-dimerisation of 1a, the
unanticipated discovery of extra signals and the occurrence of the multiple processes in the dilution
series made it difficult to quantify dimerisation and, therefore, to calculate respective association
constant.

This thesis has provided a deeper insight into the processes that occurred in the solutions
investigated by Matt Rammo and co-workers®. Based on NMR results, the main question of whether
the assumed self-dimerisation is connected to the 1PA and 2PA spectral mismatch remains
inconclusive. However, comparison of experimental conditions and underlying assumptions
associated with NMR and optical spectroscopy provides a further advantage in assessment of the
dimerisation hypothesis. In that respect, both the concentration mismatch (usual concentrations
used in optical spectroscopy are below dimerisation threshold determined by NMR) and structural
differences (NMR favours bidentate dimers while quantum chemical calculations suggest that low-
lying absorption features stem from monodentate dimers) render dimerisation hypothesis unlikely
source of the observed absorption properties.
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Appendix

Appendix 1. 'H NMR data, Spectra and Graphs
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Figure 20. Experiment 9 COSY NMR spectrum of 1a in CDsCN at 298 K.
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Figure 21. 'H NMR spectrum of experiment 1 at 4.01 mM 1a in CDsCN at 298 K. 'H NMR (800 MHz,
CDsCN) 6 7.821—-7.768 (m, 6H), 7.689 — 7.630 (m, 3H), 7.587 — 7.538 (m, 5H), 7.327 — 7.285 (m, 1H),
6.740 (ddd, J= 8.9, 2.3, 0.7 Hz, 1H), 6.489 (dd, J= 2.2, 0.7 Hz, 1H), 6.339 (s, 1H).
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Figure 22. 'H NMR stacked spectra of the serial dilutions of experiment 1 of 1a in CDsCN at 298 K.
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Figure 23. 'H NMR spectrum of experiment 2 at 4.00 mM 1a in CDsCN acidified with one drop of
TfOH at 293 K. *H NMR (800 MHz, CDsCN) & 7.941 — 7.908 (m, 3H), 7.904 — 7.863 (m, 6H), 7.774 —
7.723 (m, 7H), 7.548 (dd, J = 8.8, 1.8 Hz, 1H), 6.906 (dd, J = 8.9, 2.4 Hz, 1H), 6.824 (d, J = 2.4 Hz, 1H),
6.744 (s, 1H).
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Figure 24. 'H NMR stacked spectra of the serial dilutions of experiment 2 of 1a in CDsCN acidified
with one drop of TfOH at 293 K.
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Figure 26. 'H NMR stacked spectra of the serial dilutions of experiment 4 ofla in CDsCN acidified
with 10 pl of TfOH at 298 K.
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Figure 27. 'H NMR spectrum of experiment 4 at 7.86 mM 1a in CDsCN acidified with 10 pl of TfOH
with a zoom to the area of signals E at 298 K.
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Figure 28. 'H NMR spectrum of experiment 6 at 4.00 mM 1a in CDsCN acidified with one drop of
HCl at 298 K. *H NMR (800 MHz, CDsCN) & 7.923 — 7.860 (m, 10H), 7.757 — 7.700 (m, 7H), 7.530 (dt,
J=8.9,2.0Hz, 1H), 6.923 (d, J = 2.4 Hz, 1H), 6.718 (s, 1H).
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Figure 29. 'H NMR stacked spectra of the serial dilutions of experiment 6 of 1a in CDsCN acidified
with one drop of HCl at 298 K.
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Figure 30. 'H NMR spectra of 1a in CDsCN: (a) of experiment 2 at 4.00 mM spectrum where the

sample was acidified with one drop of TfOH at 293 K, (b) of experiment 6 at 4.00 mM spectrum
where the sample was acidified with one drop of HCI at 293 K.
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Figure 31. *H NMR stacked spectra of experiment 7 at 4.00 mM 1a in CDsCN acidified with one drop
of HCl at 298 K with time intervals from 11 to 1260.5 minutes.
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Table 2. Chemical shifts of the three 1a signals of interest in the conducted NMR experiments.

Concentration Chemical shift (ppm)

(mM) Experiment 1 Experiment 2 Experiment 6
Hs Hs Hs Hs Hg Hs Hs Hg He
4.01(0) 6.339 6.489 6.740 | 6.744 6.824 6.906 | 6.718 6.923
3.81(0) 6.339 6.489 6.740 | 6.744 6.825 6.907 | 6.718 6.925
3.24(3) 6.339 6.489 6.740 | 6.743 6.827 6.907 | 6.720 6.925
2.59(8) 6.339 6.490 6.740 | 6.743 6.829 6.909 | 6.722 6.925
1.94 6.339 6.489 6.740 | 6.743 6.830 6.909 | 6.725 6.922 6.993
1.33(2) 6.339 6.489 6.740 | 6.743 6.830 6.909 | 6.730 6.915 6.985
0.84 6.744 6.829 6.908 | 6.733 6.903 6.974
0.42 6.746 6.826 6.905 | 6.738 6.879 6.948
0.16 6.339 6.489 6.740 | 6.747 6.823 6.902 | 6.743 6.850 6.926
0.05 6.748 6.819 6.899 | 6.744 6.844 6.927
0.01 6.749 6.818 6.899 | 6.718 6.923

Table 3. Binding constants and their absolute errors for experiments of 1a with acid (2 — TfOH, 6 —
HCl) measured in CDsCN.

. Kq (M)
Experiment nr
H3 Hg H6
1 (3.0+0.6)-103 (1.5+1.1)-10% (44+1.9)-103
6 168 + 3.8 (1.44+0.2)-103 -

=~

The Bindfit fit for experiment 2 for signal Hs can be found here: lin

=~

The Bindfit fit for experiment 2 for signal Hs can be found here: lin

>
=~

The Bindfit fit for experiment 2 for signal Hs can be found here: li

>
=~

The Bindfit fit for experiment 6 for signal Hs can be found here: li
i

5
2

The Bindfit fit for experiment 2 for signal Hs can be found here:

* Although Bindfit fits were conducted in this thesis, their data cannot be used as an indicator of
self-assembly of 1a due to the multiple interactions of acid and solvent.
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Appendix 2. Colour Changes During the Experiments 3 and 4

a

Figure 32. (a) Samples for experiment 3 where 2.5 pl of TfOH was added to the 1a and CDsCN stock
solution. Acid made previously yellow stock solution colourless. (b) Colour changes of the samples
after seven days of adding an additional 7.5 pl of TFOH to measure experiment 4 (6 days after initial
acid addition). (c) Samples after 14 days from the first acid addition for experiment 3. (d) Samples
after a month from initial acid addition.
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Appendix 3. NMR Experiment Measuring Parameters

Table 4. Measuring parameters for the NMR experiments.

Experiment Measuring parameters
notation NS D1 (s) T (K)
1 8-328 51 298
2 8-328 51 293
3 8-64 5 298
4 8-64 5 298
5 8 5 298
6 8-328 51 298
7 8 5 298
8 8 5 298
9 16 1.5 298

Table 5. Dilution plan for experiments 1, 2 and 6 *H experiments.

Sample Concentrations of 1 Concentrations of 2 and re\\//i?nlljjsr?caﬂziion Volume of
nr solutions (mM) 6 solutions (mM) P () CDsCN ()
0 m(C1) =1.275 mg 650
1 4.01 4.00 600 0
2 3.81 3.80 570 30
3 3.24 3.23 510 90
4 2.59 2.58 480 120
5 1.94 1.94 450 150
6 1.33 1.32 410 190
7 0.84 0.84 380 220
8 0.42 0.42 300 300
9 0.16 0.16 235 365
10 0.05 0.05 175 425
11 0.01 0.01 126 474

Table 6. Dilution plan for experiments 3 and 4.
Sample Concentration gradient Volume of stock solution Volume of CDsCN

nr (mM) (ul) (ul)
1 7.86 150

2 7.44 142 8
3 7.02 134 16
4 6.60 126 24
5 6.18 118 32
6 5.82 111 39
7 5.40 103 47
8 4.98 95 55
9 4.56 87 63
10 4.14 79 71
11 3.72 71 79
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Sample Concentration gradient Volume of stock solution Volume of CDsCN

nr (mM) (ul) (ul)
12 2.88 55 95
13 2.10 40 110
14 1.26 24 126
15 0.84 16 134
16 0.42 8 142
17 0.05 1 149

Table 7. Time intervals betweenH NMR measurements for experiment 7.

Spectrum number Time between measurements (min)

1-52 4.5
53-64 10
65-80 15
81-92 20

93-106 30
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