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INTRODUCTION

Ions play a critical role in both environmental systems and biological processes.
Any imbalance in ion levels can lead to significant adverse effects: environmental
imbalances result in pollution, while imbalances within the human body contri-
bute to diseases. Various analytical techniques, including chromatography, mass
spectrometry, fluorescence, and electrochemical methods, such as solid-contact
ion-selective electrodes (SC-ISEs), are frequently used to detect and quantify
ions. SC-ISEs offer unique advantages, such as being easily portable, cost-
effective, and compatible with microfabrication and miniaturisation due to their
small size. However, SC-ISEs for carboxylate ions are rare because of the lack of
ionophores that selectively bind carboxylates.

This dissertation aims to study the binding of small carboxylates to synthetic
receptors (potential ionophores) in order to identify the most suitable binding
groups for designing synthetic receptors for carboxylate anions. Furthermore, this
research seeks to incorporate one of the best-binding receptors into the SC-ISE’s
polymeric membrane as an ionophore.

To predict a carboxylate receptor that would function effectively as an iono-
phore in an electrode prototype, it is necessary to understand the supramolecular
receptor-anion binding processes at a fundamental level and determine the
binding affinities of the receptors under investigation. Previous studies have
demonstrated good affinity and moderate selectivity of synthetic receptors
towards different carboxylates. However, a comprehensive analysis of the struc-
tural features of carboxylates in relation to their binding to synthetic receptors is
lacking. Studies with a small number of receptors and anions in different solvent
media provide limited opportunities for generalisation and make meaningful
comparisons of binding data difficult. Additionally, only a few carboxylate
receptors have been incorporated into the membranes of ISEs.

This work aims to quantitatively characterise (with log K,ss values) the
binding of monocarboxylate anions to a diverse series of synthetic multidentate
hydrogen-bond donor receptors. In the Supramolecular Analytical Chemistry
research group, an established, highly accurate relative NMR-based measurement
method is used to characterise the receptor-anion interaction quantitatively. Using
this method, I measured the binding affinities of 44 acyclic urea-, indole-,
carbazole-, thiourea- and indolocarbazole-based synthetic receptors. In total, I
constructed binding affinity ladders for eight anions and studied the differential
binding of 11 carboxylates (formate, acetate, pivalate, lactate, naproxen, ibu-
profen, ketoprofen, glucuronate, hexanoate, sorbate, and benzoate). Furthermore,
I evaluated the ability of selected receptors to discriminate between anions based
on structural features (hydrophilicity, substitution at the a-carbon, etc.). Finally,
I used a 1,3-bis(carbazolyl)urea derivative as a neutral hydrogen-bonding
ionophore, constructed solid-contact acetate-selective electrode prototypes, and
studied their performance in determining acetate anions.



1. LITERATURE OVERVIEW

1.1. Supramolecular chemistry

Most people know what analytical and organic chemistry are and what is being
studied in these areas. Supramolecular chemistry is a somewhat newer and not
so-widely known field. In 1967, an American organic chemist, Charles John
Pedersen, described the method of synthesising dibenzo[18]crown-6, a crown
ether that binds various metal cations.! In 1978, a French chemist, Jean-Marie
Lehn, synthesised cage-like molecules — cryptands — that are suited for re-
cognising spherical cations.” Some years later, Pedersen’s work was expanded by
an American chemist, Donald James Cram, who synthesised cyclic polyethers
(spherands), which encapsulate metal cations in their small cavity.® These three
men were the principal founders of supramolecular chemistry and were awarded
the Nobel Prize in Chemistry in 1978. Since then, supramolecular chemistry has
been a distinct area that studies systems involving assemblies of molecules or
ions held together by non-covalent interactions. Depending on the size and shape
of the interacting molecules, supramolecular chemistry can be, somewhat arbitra-
rily, divided into two broad categories: host-guest chemistry and self-assembly.*
As the name suggests, in host-guest chemistry, one molecule or ion (the host) is
significantly larger than another, and it can form a cavity to encapsulate the
smaller molecule or ion (the guest).” For example, when a crown ether binds a
metal cation, the crown ether acts as a host, and the metal cation acts as a guest.
By non-covalent interactions, they form a supermolecule (the host-guest
complex). In the case of self-assembly, there is no significant difference in size,
and two or more complementary molecules or ions form a supermolecule (self-
assembled aggregate) spontaneously by the non-covalent joining. In either of the
two categories, supramolecular chemists explore different aspects of these supra-
molecular systems that can be used in various areas, such as molecular sensors
and machines, chemical catalysis, extraction, and drug delivery®’. The area that
mainly focuses on the creation and application of sensors is called supramolecular
analytical chemistry.®

In this dissertation, supramolecular systems are explored from the viewpoint
of molecular recognition, where a synthetic receptor (the host) forms a complex
with an anion (the guest) through supramolecular interactions.

Supramolecular interactions

Non-covalent interactions hold supramolecular systems together, and thus, all
non-covalent interactions can be regarded as supramolecular interactions. There
are several different non-covalent interactions, such as electrostatic interactions,
hydrogen bonding, cation/anion-m interactions, ©-n interactions, dispersion inter-
actions, and hydrophobic effects. They are typically considerably weaker than
covalent interactions, with energies ranging from 300 kJ mol for ion-ion inter-
actions to 1-3 kJ mol™! per CH, for solvophobic interactions.”'® However, when



the binding between two or more molecules or ions is mediated simultaneously
by several non-covalent bonds cooperatively, it leads to molecular recognition.

Some examples of supramolecular interactions are illustrated in Figure 1, using
1,11-14

the structures of well-known supramolecular systems.

(b) (©) (d)
Figure 1. Examples of supramolecular interactions: (a) ion-ion interaction in the lantha-
num complex of p-sulfonatocalix[4]arene; (b) ion-dipole interaction in the potassium
complex of [18]crown-6; (c) hydrogen bonding in the acetate complex of bis(carba-
zolyl)urea; (d) cation-m interaction in the cecium complex of [1.1.1]-paracyclophane; (e)
n-1 interaction (blue line) in the zinc porphyrin-zinc porphyrin complex.

In addition, hydrophobic effects also contribute to molecular recognition, espe-
cially in supramolecular systems where host molecules possess large non-polar
regions and/or intramolecular cavities. An example of such a hydrophobic effect
would be binding the cyclophane host with a pyrene molecule, during which a
nonpolar pyrene molecule replaces the high-energy water molecules in the
hydrophobic cyclophane cavity.'” Water near nonpolar surfaces or within cavities
can exhibit unfavourable free energy characteristics due to a combination of
enthalpy and entropy effects.'® In such systems, dispersion interactions also be-
come considerable.

Apart from the strength of the supramolecular interactions, the directionality
affecting supermolecule formation is also essential. Supramolecular interactions
can be both directional and non-directional.” For example, ion-ion interactions
are non-directional because the charge is uniform in all directions, and thus, the
interaction can occur in any direction. Non-directional interactions can stabilise
supermolecules, but they do not promote selective binding. As another example,
hydrogen bonds (HB) are highly directional because they are stronger when the
hydrogen atom is aligned with the two electronegative atoms. Thus, the interaction
can occur in a definite direction. Directional interactions can align the molecules
into supramolecular systems and feature highly in supramolecular design.'’

Supramolecular interactions can enable chemists to develop host molecules
that selectively bind the target guest molecules (depending on the context, also
called analytes, ligands, or substrates). To design a host for a specific guest, it is
necessary to know the guest molecule’s size, shape, and chemical properties.
Strong and selective binding is achieved when the binding sites of both partners
are complementary — interaction sites match spatially and electronically.’’ This
kind of complementarity with the analyte can be created by the strategic design
and synthesis of synthetic receptors'®,

10



Aspects of anion recognition

The history of synthetic anion receptor chemistry dates back to 1968 when Park
and Simmons'® reported that deprotonated 1,11-diazabicyclo[9.9.9]nonacosane
binds selectively CI" anions. The field of anion recognition started intense
development in 1976 when Graf and Lehn®® characterised tetraprotonated sphe-
roidal cryptands that encapsulate F~, Br” and CI" anions. For more than 40 years,
the field has developed into a very diverse and challenging area.”'** Beer and
Gale® have proposed a practical way of categorising anion receptors by con-
sidering the types of noncovalent interaction used to complex the anionic guest
(electrostatic interactions, hydrogen bonding, hydrophobicity, coordination to a
metal ion, and combinations of these interactions). Anions can be recognised by
either positively charged or neutral synthetic receptors. Positively charged
receptors bind anions through stronger electrostatic interactions and metal-anion
complexation, but this can make it challenging to maintain consistent selectivity.
Neutral receptors primarily rely on weaker but more directional interactions such
as hydrogen-bonding, n-n stacking, and van der Waals forces, which can lead to
high selectivity.”> Additionally, positively charged receptors (such as those based
on ammonium or guanidinium) are highly sensitive to changes in pH.** In
contrast, neutral receptors are less influenced by pH variations. This work focuses
on neutral hydrogen-bond donor (HBD) anion receptors.

Anions are generally larger than their respective cations and the larger size
allows for more flexibility in their geometric arrangements. Consequently,
electrostatic binding interactions are less effective for anions and the comple-
mentarity of anion receptors tends to be more challenging to achieve.”> Anions
exhibit also a higher degree of solvation in various mediums when compared to
cations. In non-polar solvents, solvation is weaker, leading to stronger binding
between the receptor and anion. However, in non-polar solvents, significant ion-
pairing can occur. Furthermore, the behaviour of anions can be influenced by pH
values, as they may become protonated at low pH.*

Although chemical structures and physicochemical properties of the receptor
and anion largely determine the success of the molecular recognition, it is also
affected by temperature, and solvent employed. The solvent will affect the con-
formations of receptor and/or anion and may affect the accessibility of one to the
other.?' Increasing the dielectric constant of the solvent makes most of the
noncovalent interactions, electrostatic by nature, weaker.?® In the case of a
complex medium, it is necessary to consider which competing molecules may be
present in the solution. The suitable choice of the solvent and exclusion of com-
peting molecules from the binding allow to optimise selectivity.?’

Achieving high-affinity anion binding using neutral HBD receptors in pure
water remains challenging.”® The primary obstacles include the intense com-
petition from water molecules — via solvating both the anions and the receptors —
and the limited solubility of receptors in water. Therefore, many receptor-anion
complexes have been studied in less competitive solvents, mainly aprotic solvents
such as CHCls, MeCN, and DMSO.

11



1.2. Carboxylate binding

Carboxylate anions

Carboxylic acids, one of the major classes of organic compounds, feature the
carboxyl group(s) (—COOH), which is a prevalent functional group in both bio-
logical and synthetic organic molecules. Many carboxylic acids are called by their
common names such as acetic acid (IUPAC name is ethanoic acid) or ibuprofen
(IUPAC name is 2-(4-isobutylphenyl) propionic acid). Carboxylic acids can
dissociate in aqueous solution into carboxylate ions (carboxylates) and protons.
Monobasic carboxylic acids typically have pK,, values between 3 and 5.* Thus,
carboxylic acids in neutral and basic environments (i.e., pH > pK,) will exist
predominantly in their ionised, conjugate base form (RCOO™) and exhibit strong
solvation in hydrogen-bond-donating solvents, particularly in water.’** Due to the
structural changes accompanying carboxylic acid ionisation, the negative charge
in carboxylate anions is dispersed by the inductive effect and resonance effect of
the carbonyl group. As a result of these mechanisms, the carboxylate anion adopts
a Y-shaped structure, where both carbon-oxygen distances become equal.’' This
stabilised anionic centre can interact with ions and dipoles, and act as a hydrogen
bond acceptor (HBA) site.?!

The R groups attached to the carboxyl group exhibit significant variability in
terms of size, geometry, and the presence of additional functional groups. As a
result, they greatly vary in properties such as basicity, chirality, hydrophobicity/
hydrophilicity, and polarisability. The structures and characteristic values of the
carboxylate ions investigated in this work — formate, acetate, pivalate (tri-
methylacetate), lactate, naproxen, ibuprofen, ketoprofen, glucuronate, hexanoate,
sorbate, and benzoate — are shown in Figure 2. The extent of ionisation of the
corresponding acids is described by their pK, values in water.?***>7 The pK,
values in DMSO have been reported for formic acid, acetic acid, pivalic acid, and
benzoic acid.***° Hydrophilicity of carboxylates is described using the n-octanol-
water partition coefficient (logP,_,,) of the respective acids.*' The steric demand
of carboxylate anions can be characterised by the Ex value, which describes the
repulsive energies of the R group.*” HBA parameter (f) values have been
determined for acetate and benzoate.*
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R — COOH in water (experimental) and DMSO (exp—experimental, calc—computational),
logP,_,, values of R — COOH and substituent repulsive energies Ex (kcal mol™) as esti-
mators of the steric demand of X.
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Carboxylate anions play a significant role in environmental, biological, and
industrial contexts. Acetate and formate are major fermentation products and for
that matter, important electron donors in microbial fuel cells.** Benzoate and
sorbate are used as chemical preservatives and flavouring agents in foods, cos-
metics, and hygiene products.**® Ibuprofen, ketoprofen, and naproxen are com-
monly used nonsteroidal anti-inflammatory drugs (NSAIDs).*” Lactate and
glucuronate are metabolites produced by microbes during fermentation and can
be found in kefir and kombucha, respectively.*

Current carboxylate detection methods generally require preconcentration of
the sample by solid-phase extraction or solvent extraction, its separation by liquid
or gas chromatography, and detection by mass spectrometry or fluorescence tech-
niques.”*! In the context of food products, fluorescence polarisation immuno-
assay (FPIA) can be used to detect benzoate®®. Sigma-Aldrich offers a Colori-
metric Acetate Assay Kit for research and development, where acetate concentra-
tion is determined by a coupled enzyme assay; this process requires a spectro-
photometer with a 96-well plate reader. Despite these options, there are still no
commercial ISEs available for small carboxylates.

Neutral synthetic receptors for carboxylate recognition

Neutral synthetic receptors interact with the carboxylate group through hydrogen
bonding. The most common approach to designing a new receptor is to try to
arrange binding sites with appropriate symmetry according to the functional
groups and topology of the anion to be determined. The most extensively used H-
bond donor groups are N-H fragments from amide**, urea®>’, thiourea™, pyr-
role’® %, indole®"*?, carbazole®*®, indolocarbazole®>**% or squaramide®® sub-
units. These subunits have been used to construct both flexible acyclic and pre-
organised macrocyclic receptors.®’

Suitable HB donor groups should be able to form strong hydrogen bonds
without undergoing deprotonation. For instance, this is why —OH groups are not
commonly used, as they tend to deprotonate easily. Tshepelevitsh et al. ® studied
the hydrogen-bond donicity of various HB donors and showed that bidentate HB
donors have an important advantage in anion recognition because they are
characterised by higher HB donicity than could be expected from their acidity.

Achieving high affinity toward carboxylates is relatively straightforward due
to the uniform geometry and charge distribution within the carboxylate group.
However, distinguishing carboxylates from each other poses a more challenging
task. To accomplish this, the receptor (or multiple receptors in differential
sensing) must also recognise the characteristic “tail” of the specific carboxylate.
The receptor should not only be able to differentiate between similar carboxylates
but also between other anionic species and be capable of overcoming solvent and
counterion competition.

14



1.3. Quantifying the binding affinity

The receptor-anion complex RA™ formation between receptor R and an anion A™,
according to 1:1 stoichiometry, is described by the following reversible reaction:

R+A™ 2 RA™ (1)
The equilibrium constant of this reaction — the association constant K, (also
denoted as binding constant or affinity constant) describes how readily the
receptor forms a stable complex with the anion. It can be calculated using the
activities of the receptor (ag), anion (a,-), and the receptor-anion complex
(ara-):

__ OraA-
Kass - aR-aa- (2)
In practical calculations of K, since the activity coefficients are frequently
unknown, the activities in Equation (2) are often replaced with the respective
equilibrium concentrations:
[RAT]

Kass = [R]'[A_] (3)

The free energy of complexation AG,s (also denoted as binding energy) as-
sociated with the binding reaction (1) quantifies the spontaneity of a comple-
xation under specific conditions. It establishes the connection between the
binding constant K4, the binding reaction enthalpy change AH,, the temper-
ature T, and the binding reaction entropy change AS,q:

AGyss = —RTInK,gs = AHpgg — TAS s “4)

The binding constant quantifies the thermodynamic stability of a receptor-anion
complex in a specific solvent at a given temperature. AG,¢; and K, are inter-
connected and both can be used to quantify the binding affinity. Theoretically,
determination of the binding constants at different temperatures enables to calcu-
late the thermodynamic parameters as the slope and the intercept of the van’t Hoff

equation:*

AHass + ASaSS

InK,.c« = —
ass RT R

)

Direct measurement of the thermodynamic quantities can be carried out only with
isothermal titration calorimetry (ITC).?""* Other experimental techniques, such
as UV-Vis, NMR, fluorescence or potentiometry are commonly used to deter-
mine the K,¢ value from the titration experiments and regression, where the
complex concentration at equilibrium ([RAT]) is evaluated. Usually, the con-
centration of the receptor is fixed, while the concentration of the anion is varied.
Different physical observables (such as optical absorbance and chemical shift),
that correlate with the receptor-anion complex concentration, can be utilised to
determine [RA™] and stoichiometry of the binding reaction. This monitored
physical change is plotted as a function of the amount of anion added and the

15



resulting titration curve (the binding isotherm) is then fitted to the developed
mathematical model.”’

In quantitative analysis of receptor-anion complexation, a critical aspect is
reliably determining the binding constant.?' Keiji Hirose®® gives practical guide-
lines how to determine stoichiometry, evaluate the complex concentration,
choose the reliable concentration regions for K, ;s determination, and how to treat
the collected data.

Pall Thordarson’" has listed fourteen dos and don’ts in supramolecular titra-
tion experiments. Out of all the very practical suggestions, the following recom-
mendations could be highlighted: all possible stoichiometries should be con-
sidered, titrations should be repeated, the measurement uncertainties should be
estimated and programs that can handle the data analysis should be used.

When determining stoichiometry of the reaction (1), it usually involves as-
suming a simple 1:1 stoichiometry and then seeking additional evidence to either
support or challenge that assumption. For this purpose, Connors’? outlines several
methods like the method of continuous variations (Job’s plot method), compa-
rison of binding constants evaluated by different methods, considering the
receptor-anion complex structure (e.g. molecular modelling), usage of isosbestic
points and evaluating the constancy of stability concentration. Visualisation of
the receptor-anion complex as well as predicting the most stable conformers of
binding partners with COSMO-RS approach can be also valuable supporting
information during binding studies.” When considering stoichiometry in a titra-
tion experiment, at the outset, when receptor molecules are in excess, the likeli-
hood of 1:2 binding of anions to receptors is low because the binding of the
second anion is obstructed if the binding pocket is already occupied by the first
anion. Similarly, 2:1 binding is improbable as the binding to carboxylates is
directional (receptor approaches the anion by the carboxyl group). Even towards
the end, when there’s excess titrant, 1:2 binding remains unlikely due to the
absence of suitable second binding pocket, especially with planar and small
receptors like substituted indolocarbazoles.

NMR spectrometry can be used in cases where the receptor-anion comple-
xation equilibrium has a very slow exchange rate or a very fast exchange rate
compared with the NMR time scale.” Under fast exchange conditions, the NMR
peaks of the free receptor and the receptor-anion complex appear at the weighted
average chemical shift. Compared to other techniques, the NMR spectra are rich
in information content and can give additional information about the identity,
purity, solubility, etc. When determining absolute binding constants, the choice
of technique primarily hinges on the predicted magnitude of K,gg, because this
value defines the appropriate range of titration concentrations. In order to
accurately determine the proportion of unbound anion in solution, NMR spectro-
scopy is a suitable technique for assessing absolute binding constants up to K,
values of 10° M".% However, the NMR method employed in this study for
determining relative binding affinities (A log K,¢ values) extends beyond this
limitation. It is elaborated upon in the following paragraph.
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A new approach was developed in our research group, where differences in
the affinities of two or more receptors are measured instead of determining the
affinity of a single receptor. This method is versatile and can be applied to various
host-guest bindings. Haav et al.” demonstrated this approach by using UV-Vis
spectroscopy, and Kadam et al.”® by NMR technique. The relative binding affi-
nity (AlogK,ss) of two synthetic anion receptors towards the same anion was
measured and described with the following Equations (6—8):

R; +R,A™ 2 R;A™ +R, (6)
_ _ AR, A—'Q
Alog Kass = lOg Kass(RlA ) - IOg Kass(RZA ) = 10g aili—-aiz @)
2 1
_ [R1A7]-[R;]
AlogK,gs = log—[RzA_].[Rl] ()

When two receptors R; and R, are dissolved in the same solvent, it negates the
necessity to determine the activity of the anion. Additionally, this approach
mitigates various error sources, either partially or entirely: errors from volumetric
procedures are entirely eliminated, as are those concerning the purity of com-
pounds (assuming no peak overlap), the concentrations of receptors and the anion
solution; the influence of solvent composition is partially reduced. Kadam et al.”®
showed that a binding affinity difference of less than 0.05 log K, units can be
determined with high accuracy. It was reported that Alog K,¢¢ values up to 1.5
units could be measured with reasonable accuracy, and the results from the NMR
method agree with previous UV-Vis results”. Another benefit of this method is
that it allows for the simultaneous determination of multiple A log K¢ values in
a single measurement series. As a drawback, the spectra exhibit peaks from
several receptors, which can overlap or merge. Consequently, careful interpreta-
tion of the spectra is necessary.

Binding selectivity describes how well a receptor discriminates between
different anions based on their chemical properties and structural features. Bin-
ding selectivity is achieved by steric and electronic complementarity between
anions and receptors. A thermodynamic selectivity coefficient for receptor Ry is
defined as the ratio of the two equilibrium constants with anions A7 and A3:

Kass(R1Az7)
B s 9
ArAz Kass(R1A1 ) ( )

If Ko, a, > 1 (Kass(R1Az7) > Kass(R1A1 7)), then receptor Ry binds anion A3
better than anion A7. Equation (9) is applicable when both anions bind to the
receptor with the same stoichiometry, under the same experimental conditions
(most importantly, the same solvent), and no competing reactions occur.”’ Here
lies the reason why the fundamental conclusions regarding receptor selectivity
cannot be reliably drawn based solely on the binding affinities of individual
receptors measured across different research groups or in varying solvent media.
Therefore, comparable binding measurements of a more extensive set of recep-
tors and anions in one solvent medium are necessary (Publications I and II).
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Once a synthetic receptor’s binding affinity and selectivity have been tho-
roughly assessed and deemed suitable for practical applications, a new phase of
work towards a true sensor should begin. However, only slow progress is seen in
this field’®, and most receptors designed for anions have never been implemented
into sensors. Feedback gained from practical applications in a sensor prototype is
usually more valuable than binding affinity measurements in pure single-phase
organic solvents. Therefore, if the novel synthetic receptor is incorporated into
the lipophilic phase in a potential application instead, it should also be inves-
tigated as an ionophore (Publication III). In chemical sensors, the input signal is
the chemical composition of the media. If the output signal is electrical (voltage,
current, capacitance), it is an electrochemical sensor.” This work focuses on the
ion-selective electrodes giving potentiometric signals.

1.4. lon-selective electrodes

A potentiometric ion-selective electrode (ISE) is an electroanalytical device used
in conjunction with a reference electrode (RE), and the potential difference
between these two is proportional to the logarithm of the activity of a specific ion
in the solution.® In the context of an electrochemical cell, the ISE functions as an
indicator electrode and obeys the Nernst equation:

RT
g0=qo°+zi—Flnai (10)

where ¢ is the electrode potential, @° is the standard potential, R is the universal
gas constant, T is the absolute temperature, z; is the charge of the ion i, F is the
Faraday constant, and g; is the activity of the ion i. The potential of the ISE (E}sE)
is monitored relative to the reference electrode (e.g. Ag/AgCl/Cl") potential
(Erg)- As the reference electrode’s potential remains constant, the measured cell
potential (E.q)) directly reflects the potential of the ISE”, along with its practical
response slope (5):

Ecen = Ejsg — Erg = EQy + Sloga; (11)

where EQy, is the constant standard potential influenced by the ISE’s specific
design. It encompasses all the constant potential terms associated with the ISE
and the reference electrode. The slope of the calibration curve (potential vs log a;)
is the sensitivity of the sensor. The ideal or so-called Nernstian slope value can
be determined using the constants from Equation (10). Specifically, for mono-
valent ions at room temperature, the Nernstian slope is -59.16 mV per decade,
and for divalent anions, it is -29.5 mV per decade. Real-world ISEs may deviate
from Nernstian behaviour due to factors like interference, membrane fouling
(deposition of contaminants on the surface of the membrane), or non-ideal selec-
tivity. In such cases, slopes with lower absolute values are typically observed.

ISEs operate by sensing the activity of ions (a;) in a solution, and it is related
to its molar concentration (c;) by the following equation:
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ai = Vi€ (12)
where y; is the single ion activity coefficient that can be calculated using the
extended Debye-Hiickel equation.®!

ISEs are used in many different applications, including environmental ana-
lysis, clinical diagnosis, industrial process control, and food analysis, to name
some.**#* Compared to spectroscopic methods, ISEs are easier to use, cheaper,
faster, less destructive, and unaffected by colour or turbidity.’*® They are in-
creasingly preferred in practical applications because they are easily portable,
cost-effective, and compatible with microfabrication and miniaturisation due to
their small size.*®

Based on the ion-selective membrane (ISM) material, ISEs can be divided into
glass, crystalline and polymeric membrane electrodes.” Based on the construc-
tion, ISEs are divided into conventional ISEs with internal filling solution (liquid-
contact, LC) and all-solid-state ISEs (ASS-ISEs) without internal electrolyte
solution. ASS-ISEs can be further categorised into coated wire electrodes (CWE),
solid-contact ISEs (SC-ISEs), and single-piece ISEs (SP-ISEs).*” A comparison
of the construction of different electrodes is shown in Figure 3. This work focuses
on the solid-contact polymeric membrane ISEs.

Figure 3. The construction of different types of ion-selective electrodes (ISEs): (a)
conventional ISE with internal filling solution (LC-ISE); (b) disc-shaped coated wire
electrode (CWE); (c) solid-contact ISE (SC-ISE); (d) single-piece ISE (SP-ISE) (1-
electronic conductor, 2—electrode body, 3—internal filling solution, 4—solid contact, 5—
ion-selective membrane).
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Solid-contact ion-selective electrodes

Solid-contact ion-selective electrodes do not have an internal filling solution like
conventional ion-selective electrodes. Therefore, they are more durable and
easier to miniaturise. This has led to a widespread transition from LCs to SCs
over the past decades, allowing ISEs to be used in integrated sensing systems in
a wide variety of applications.**

Cattrall and Freiser’' fabricated the first ISE without an internal solution in
1971. The invented coated-wire electrodes (CWEs), where the ISM is directly
coated onto a metallic conductor, are extremely simple, inexpensive, and easy to
prepare. However, CWEs and their descendants, disc-shaped CWEs, exhibit low
potential stability resulting from the uncontrolled redox processes at the metal
surface.”>” Currently, these electrodes are infrequently employed and are typi-
cally studied as comparative systems.®’

To mitigate potential drift and improve stability, a solid-contact layer is intro-
duced between the inner electrode (e.g. glassy carbon, GC) and the ISM.** This
SC material can transfer the ion concentration to an electron signal and can be
applied directly onto the inner electrode surface using drop casting or electro-
chemical deposition techniques.’* Alternatively, conductive material can be dis-
persed or dissolved in the ISM. In this case, there is no distinct intermediate layer,
and the electrode is referred to as a SP-ISE. The ideal SC material should exhibit
high redox or double-layer capacitance, chemical stability, and reversible tran-
sition from ionic and electronic conductivity. It should also not participate in any
side reactions.””?*** Furthermore, SC should have hydrophobic properties to
prevent the formation of a water layer between the polymeric membrane and the
underlying solid contact.”**

Conductive polymers (CPs) have been the pioneering choice’® and continue
to be widely used as solid-contact materials. Extensively studied CPs are poly-
pyrrole (PPy), poly(3,4-ethylenedioxythiophene) (PEDOT), poly(3-octylothio-
phene) (POT), poly(N-methylpyrrole) (PNMP), and polyaniline (PANT). 3492798
CPs can be effectively attached to the surface of the inner electrode, exhibit
highly reversible redox behaviour, and both electric and ionic conductivities.
They offer versatility and ease of modification. For constructing anion-selective
electrodes, partially oxidised CPs are doped with small anions.”” """ While CPs
have their advantages as SC, their sensitivity to environmental changes'®* and
water layer formation can be limiting. To address these challenges, new electro-
active materials are investigated, and a wide range of materials have been
developed for solid contact in ISEs, such as carbon nanomaterials, metal nano-
particles, and composite or hybrid materials.'®® Nevertheless, when investi-
gating a polymeric membrane utilising a novel ionophore, opting for a SC-ISE
constructed with a well-known conductive polymer (such as PEDOT) is prudent.
In this case, the ion selectivity is predominantly determined by the properties of
the ISM, which can then be the main focus.'®

SC-ISE, utilising PEDOT as the solid contact, contains three interfaces:
GC/PEDOT, PEDOT/ISM, and ISM/sample. Interpreting the response of an ISE
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with a phase boundary model®*'?®, the SC-ISE potential (Eisg) is the sum of the
three interfacial potentials:

Eist = Epgpor + Efsm 0" + Esample (13)
Once the PEDOT is deposited on the GC rod and coated with ISM, the GC/
PEDOT and PEDOT/ISM interfacial potentials are constant and can be included
in a constant EQ),. The signal is formed at the ISM/sample solution interface and
is determined by the activity of the primary ion in the membrane phase a;;swm)
and in the sample phase Gisample):

Ecen = Ecen + S log@ (14)
i(ISM)

To determine the unknown activity in the sample solution using Equation (11),
the activity of the primary ion within the membrane phase must remain constant
(in which case Equation (14) is equal to Equation (11)). This constancy is
achieved through the ISM design, where the concentration of analyte ions in the
membrane is determined by the amount of lipophilic ion-exchanger ions, which
cannot leave the membrane.

For practical applications, SC-ISE’s potential stability can be assessed with
short-term and long-term potential stability studies. The potential stability can be
evaluated by measuring the standard cell potential in a short time (few hours) or
at constant intervals over an extended period (e.g. weeks and months), under no-
current conditions and determining the potential drift as AEO,,/At. The second
and even faster option is to use the Chronopotentiometry method”’, which, in
addition to potential stability, can be used to estimate the capacitance and
resistance of the electrodes.

Another technique commonly used to monitor electrodes’ stability and per-
formance together with their charge transport properties is Electrochemical Impe-
dance Spectroscopy (EIS). In the EIS experiment, a potential wave with different
frequencies is applied to the working electrode and the resulting current wave is
recorded. The produced impedance is used to assess the membrane resistance,
electric capacitance and charge transfer resistance between the ISM and the
internal electronic conductor.'*%'%7

In conclusion, recent advancements in SC-ISEs have demonstrated promising
results through the modifications and enhancements of conducting polymers, e.g.,
by attaching them covalently'® to the electrodes. These developments have
yielded impressive standard potential values (E°) comparable to LC-ISEs in use,
facilitating the integration of SC-ISEs into chips and wearable sensors.”’ Moving
forward, further research is warranted to develop suitable ionophores for ac-
commodating new anions, thereby enhancing the versatility and applicability of
SC-ISE technology.
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lonophore-based ion-selective membrane

Only a small number of analytes can be quantified when using electrodes with
glass and crystalline membranes. However, ionophore-based polymeric memb-
ranes enable the quantification of over 70 different inorganic and organic ions.'”
And yet, a significant majority of membranes incorporate ionophores sensitive to
cations. Conversely, the number of published ionophores for anions, particularly
organic anions, remains relatively limited.®” The essential components of the
polymeric ISM (also called ISM cocktail) are the polymer matrix, plasticiser,
lipophilic ion-exchanger, and ionophore. Each of these components contributes
to the system’s overall potential and affects the electrode’s lifetime.'”

The polymer matrix serves as the inert support for the ISM, providing
mechanical stability and flexibility to the membrane. While poly(vinyl chloride)
(PVC) is the most commonly used polymer, other materials such as polyurethane,
polyacrylates, poly(vinylidene chloride), and polysiloxanes are also employed.”

Unfortunately, the low fluidity of polymer matrices restricts the mobility of
ionophores within the membrane. To maintain rapid ion exchange kinetics,
plasticisers like bis(2-ethylhexyl) sebacate (DOS) or 2-nitrophenyl octyl ether
(0-NPOE) are incorporated (see structures in Figure 4). An effective plasticiser
reduces the polymer’s glass transition temperature, thereby contributing to the
mechanical stability of the ISM.'” Additionally, the plasticiser should dissolve
readily within the matrix and exhibit lipophilic properties to prevent leaching.
Most PVC-based ISMs typically comprise 30-33% PVC and 60-66% plasti-

ciser.”
o)
0.
/\/\i\o
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Figure 4. The structures of common plasticisers bis(2-ethylhexyl) sebacate (DOS) and 2-
nitrophenyl octyl ether (0-NPOE) used in PVC-based membranes.

The lipophilic ion-exchangers are incorporated into the ISM cocktail to decrease
the membrane’s electric resistance, shorten the response time, and suppress the
extraction of counterions from the sample solution into the ISM. This selective
addition renders the membrane permeable only to ions of the same charge as the
target ion, a phenomenon known as Donnan exclusion. Additionally, the inten-
tional addition of ionic sites will dominate over the smaller proportion of ionic
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sites arising from impurities in other membrane components. In cation-selective
ISMs, tetraphenylborates are commonly employed for this purpose, while tetraal-
kylammonium salts, such as tridodecylmethylammonium chloride (TDMACI),
find frequent use in anion-selective membranes.''*'"* In ISMs, the ion-exchanger-
to-ionophore ratio is an essential variable parameter. Typically, this ratio is ad-
justed to ensure that the ion-exchanger constitutes 30-50 mol% relative to the
ionophore.

The ionophore (receptor, ligand) is a key membrane component. It forms
strong and reversible complexes with the target ion (primary ion) and weaker
ones with interfering ions (secondary ions), which affect the selectivity of the
electrode. The binding should not be too strong, as it would slow down the
response time of the electrode due to the slow transfer of ions. For instance, ISEs
rarely use rigid macrocycles because they have slow exchange kinetics. Exces-
sive binding strength is also undesirable because it may result in the coextraction
of the primary ion and an ion with the opposite charge from the aqueous phase.
Therefore, the ion-binding properties of the ionophore can adjust the selectivity
of ionophore-based ISEs. To ensure the electrode’s sensitivity and selectivity, the
ionophore must possess sufficient lipophilicity (logP,_,, > 7.47°) to prevent
leakage from the membrane into the solution. The ionophore content in ISMs is
usually 0.5-2% of the whole membrane mass.

All the ISM components are dissolved in a volatile organic solvent, most
frequently in tetrahydrofuran (THF). The strength of adhesion between an ISM
cocktail and the electrode body significantly depends on the material of the
electrode body. In general, the adhesion of ISM to widely used PVC bodies is
quite good. However, the adhesion weakens over prolonged use.'®!'! Recently,
the delamination of the membrane has been prevented by covalently attaching the
ISM to the electrode body.'®

Characterising ionophore-based ISEs involves assessing their sensitivity
(practical slope), response time, linear range (including lower limit of linearity),
limit of detection, long-term stability, and most importantly, selectivity. In addi-
tion, conducting a water layer test’”, describing the effect of interfering substan-
ces, and providing information about potential drift and its possible causes are
highly recommended.'"!"*

Selectivity of ion-selective electrodes

One of the most important response characteristics of an ISE is selectivity. The
selectivity of an ISE refers to its ability to distinguish between the primary ion
and interfering ions present in the sample solution.” Correctly determined elect-
rode selectivity allows us to accurately predict how an ISE will respond in a real-
world mixed sample. Equation (11) has been written on the assumption that the
electrode responds only to the ion of interest, i. In practise, ISEs may also respond
to other ions present in the sample solution and the selectivity coefficient is
calculated according to the extended Nikolskii-Eisenman equation:
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RT t _Zi/Z
Ecell = E((:)ell + Zl_FlOg (ai + Kiﬁo aj ]) (15)

where Kiijt is the selectivity coefficient and gj is the activity of the interfering

ion j. The selectivity coefficient quantifies the relative response of an ISE to inter-
fering ions compared to the target ion. A lower value means a higher selectivity.
Ideally, the selectivity coefficient should be zero, meaning that the ISE only
responds to the ion of interest. However, this is rarely the case, and the selectivity
coefficient depends on many factors, such as the membrane composition, the pH,
the temperature, and the concentration of the ions. Therefore, the selectivity co-
efficient must be determined experimentally for each ISE and each application.'®

The main two methods used to determine potentiometric selectivity coeffi-
cients are the Fixed Interference Method (FIM), and the Separate Solution
Method (SSM).* In the FIM, the electrode function is measured in a mixed
solution where the concentration of the target anion is varied while keeping the
concentration of the interfering anion constant. The SSM, on the other hand,
relies on measurements in pure solutions and, due to its simplicity, is the most
popular method for determining potentiometric selectivity coefficients.” The
SSM experiment is conducted as follows:

1. The electrode potential (E;) is measured in a solution containing only the
ions of interest, i.

2. Next, the electrode potential (Ej) is measured in a solution containing
only the ions of interference j, whereas the activities of the primary ion
and interfering ion in steps 1. and 2. are equal (a; = ;).

3. The potentiometric selectivity coefficient (log KiI;Ot) for monovalent
anions is calculated using the following equation:

log k%" = 2.2 (16)

where the slope S can be obtained from the calibration experiments
carried out in a solution containing only the ion of interest.

4. The potentiometric selectivity coefficient for divalent anions is calcu-
lated using the following equation:

aj

log K2 = 28 4 1og -4 (17)
)] S a
In the case of polymeric membrane electrodes, the interference of other sample
ions is mainly due to their competitive extraction into the organic phase.''> When
ISEs have membranes containing only ion-exchangers (without ionophores),
their selectivity tends to be low. This selectivity primarily relies on the free
energy of ion hydration and follows the Hofmeister series:

Ibuprofen > Naproxen > Benzoate > SCN™ > I~ > NO;~ > Br™ > Cl™
> F~ > HCO;~ > Acetate > Formate > HP0,*~ > 50,*~
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Ionophore-based membranes show very different selectivity. When investigating
novel ionophores, it is recommended to compare the selectivities of ISEs that
incorporate ionophores in their membranes with the selectivities of ISEs that rely
solely on ion-exchanger sites. In this context, Hofmeister series for anions serves
as a valuable reference point.

When addressing the ionophores that have no metal centre and bind carbo-
xylates through hydrogen bonds, acetate-ISEs have been prepared with porphyrin
derivatives''*!'"", uranyl salophene derivative''®, and phenylhydrazone-based
ionophore'"”®. To date, the determination of carboxylates using ISEs remains a
challenging and largely unsolved problem.
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2. EXPERIMENTAL

2.1. Instruments

The NMR measurements were conducted using either a Bruker Avance II
200 MHz NMR spectrometer or a Bruker Avance III 700 MHz NMR spectro-
meter. UV-Vis spectrophotometric measurements were performed using a
Thermo Nicolet Evolution 300 spectrophotometer, while fluorescence spectro-
fluorometric measurements were carried out using a Horiba FluoroMax-4
spectrofluorometer. Cuvette holders for the spectrometer and fluorimeter were
thermostatically adjustable and equipped with a magnetic stirrer. All the NMR,
UV-Vis, and fluorescence measurements were carried out at 25 °C. The water
content of the solvents was determined by Karl Fischer titration using a Mettler
Toledo DL32 coulometer.

The potentiometric measurements were performed with a 16-channel poten-
tiometer (Lawson Labs, Inc.) connected to a computer for data acquisition. The
electrochemical impedance spectroscopy (EIS) measurements were carried out
by using an Autolab General Purpose Electrochemical System and Autolab Fre-
quency Response Analyzer System (AUT20.FRA2-AUTOLAB, Eco Chemie,
B.V., The Netherlands).

2.2. Solvents and Anions

The solvents used in binding affinity measurements, DMSO and DMSO-ds with
0.5% of water (m/m), were prepared gravimetrically using a DMSO (Sigma
Aldrich, anhydrous > 99.9%) or DMSO-d¢ (Deutero, 99.8%) and water from
MilliQ Advantage A10 system.

All anions (see structures in Figure 2) were used in the form of tetrabutylam-
monium salts. The TBA salts of acetate and benzoate were commercially avail-
able and bought from Sigma-Aldrich. TBA salts of formate, ibuprofen (as a race-
mate), (S)-(+)-ketoprofen, and D-glucuronate were self-prepared by adding the
tetrabutylammonium hydroxide in methanol (Sigma-Aldrich) to a solution of the
corresponding acid in methanol in 1:1 ratio. The mixture was stirred at room
temperature for 24 hours, evaporated to dryness under reduced pressure, and then
dried under a high vacuum at room temperature overnight. TBA salts of pivalate
(trimethyl acetate) and lactate were prepared by a colleague, Kristjan Haav, using
the same procedure. The salts were stored in a glove box under an argon atmo-
sphere. The titrant solutions used in binding affinity measurements were prepared
from respective tetrabutylammonium salts. For relative binding affinity measure-
ments, the diluted anion salts were at concentration of approximately 0.25—
0.75 M, while the concentrated anion salts were at concentrations of 0.63—
2.20 M.
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2.3. Receptors

The synthetic receptors studied in this work were selected considering their inte-
rest, structure, substituents, spectral properties, and availability. The structures of
the studied receptor molecules are presented in Figure 5, and they are referenced
in the text using their respective bold numbers. Several compounds are simple
and can be considered building blocks of more complex receptors. The studied
synthetic receptors belong to different compound families, including indolo-
carbazole, carbazole, indole, urea, thiourea, and amide moieties. Most of them
were synthesised by a colleague, Sandip A. Kadam, at the University of Tartu.
The synthesis and origin of these receptor molecules have been described in
ref. 776120 or in Publications I and II. For relative binding affinity measurements,
the concentrations of receptors were around 0.006—0.015 M.

1,3-bis(carbazolyl)urea derivative (receptor 13) was used as the ionophore
(Ionophore 13) for constructing SC-ISEs in Publication III.

CH,
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Figure 5. Structures of the studied receptor molecules.
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2.4. Structure-affinity studies

The complexation of carboxylates with synthetic multidentate HBD receptors
was monitored with NMR spectroscopy. The receptor-anion interaction was
quantitatively characterised in terms of a binding affinity (log K,s) using the
relative NMR-based measurement method 7. This titration method allowed the
simultaneous determination of several relative binding affinities (Alog K,4¢) and
enabled the compilation of large-scale binding-structure-relationship plots given
in Publications I and II.

'H NMR-based relative binding affinity measurements

In a single experiment, two to four receptors were dissolved in DMSO-ds with
0.5% of water, and the '"H NMR spectrum of the mixture characterising the free
receptors was recorded. Next, this mixture was titrated with a carboxylate of
interest, where after each addition, the "H NMR spectrum of the mixture characte-
rising the partially complexed receptors was recorded. Having recorded approxi-
mately 17-19 spectra, and being convinced that there was no change in the
chemical shift of NH signals, the titration was stopped, and the last recorded
spectrum of the mixture characterising the fully complexed receptors was ob-
tained. The experiment is also described in the following flowchart:

[ Prepare a mixture of receptors in deuterated solvent

A 4

Record 'H NMR spectrum of the mixture ]—> l
J

5R1 0 ppm

A 4

A 4

Record 'H NMR spectrum of the mixture

*[ Add titrant (carboxylate salt)

) 0 ppm

Shifts of NH
signals are
observed?

[ The end point of the titration ]—> j '
Or,A- 0 ppm

Figure 6. Steps of 'H NMR titration. § denotes the chemical shift of the NH proton at a
particular titration step, and g, and g a- are the chemical shifts of the free receptor 1
and the receptor-anion complex, respectively.
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The high selectivity of NMR measurements allowed to determine at least three
Alog K¢ values from each series of titration experiments. The receptors were
carefully selected such that the chemical shift values of the proton peaks for their
NH groups initially differed by at least 0.2 ppm. Additionally, the rate of change
in chemical shifts for the studied peaks was considered in order to address
scenarios where a peak from one receptor molecule shifts more rapidly toward
higher chemical values during titration, potentially overlapping with a peak from
another receptor molecule that shifts more slowly or to a smaller extent.
From the NMR titration spectra, the degrees of complexation () for all mea-
sured receptor-anion complexes were calculated using the following equation:’®
[RA™] 5-8r
P = rma = 8ra™)=0R (18)

The relative binding affinities (A log K,s) were found using the Equation (19):"

B1(1-B2)
Alog K o = log=—=———== 1
Og ass Og (1_ﬂ1)ﬁ2 ( 9)
where 8; and [, are the degrees of complexations for receptors R; and R,

respectively.

In the investigation of 11 carboxylates”", the relative binding affinities of 38
different receptors towards lactate, acetate, benzoate, and pivalate were deter-
mined collaboratively with one of the co-authors of Publication I, Sandip A.
Kadam. Additionally, the author of this dissertation exclusively determined the
relative binding affinities of 22 receptors towards formate, ibuprofen, and keto-
profen. The measurements of naproxen, sorbate and hexanoate were performed
by a colleague and the second author of Publication II, Juuli Noges.

LI

Absolute binding affinity measurements

After determining the relative binding affinities for all the investigated synthetic
receptors, some of the receptors were chosen as anchor compounds to anchor the
binding scales to the absolute log K, 55 values. The anchors’ absolute binding affi-
nities (log K,55) were measured directly using UV-Vis and Fluorescence spectro-
scopy. The absolute measurements were performed under the same conditions as
the relative binding affinities measurements, and the same solvent was also used.

Previous studies have shown a good agreement between direct measurement
and relative measurement.”’® Anchoring from the top, middle, and bottom of the
scale demonstrated that there was no artificial expansion or contraction of the
scale. Therefore, in this study, initially, one anchor point (absolute log K55 value
of Indolocarbazole 33) was measured for lactate, benzoate, and pivalate, and
later, when the binding affinity of most receptors was greater than that of un-
substituted indolocarbazole, a second anchor point (absolute log K, value of 4-
NOz-indolocarbazole 28 or 1,3-dicarbazolylurea 15) from the upper part of the
scale was added. The absolute NMR measurements and absolute log K, 55 values
of acetate given in Publication I were measured by colleague Sandip A. Kadam.
Of the absolute measurements performed for Publication II, absolute log K¢
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values of naproxen, sorbate, and hexanoate were measured by colleague Juuli
Noges.

In a single experiment, the chosen receptor was dissolved in DMSO with 0.5%
of water, and the UV-Vis (or fluorescence) spectrum of the solution characteri-
sing the free receptor was recorded. Next, this solution was titrated with a
carboxylate of interest, where after each addition, the UV-Vis (or fluorescence)
spectrum of the solution characterising the partially complexed receptor was re-
corded. Having recorded approximately 12—17 spectra and being convinced that
there is no change in the absorbance (or fluorescence) spectrum (the titrant was
added 4-5 times more than the stoichiometric amount), the titration was stopped,
and the last recorded spectrum of the solution characterising the fully complexed
receptor was obtained. In contrast to measuring relative binding constants, during
titration, the measuring cell was weighed before and after each addition of the
titrant to calculate the exact amounts of the added titrant.

The calculations for UV-Vis absorption or fluorescence intensity were carried
out at the wavelength (1) where the change in absorbance (A4) or fluorescence
intensity (FI) was most pronounced in the titration spectrum. The analytical
wavelengths used for different anchor compound varied and are presented in
Table 1 (for UV-Vis measurements) and Table 2 (for Fluorescence measure-
ments).

Table 1. The range of wavelengths and the analytical wavelengths in UV-Vis measure-
ments.

Receptor Anion A range (nm) A (nm)
Glucuronate 300-500 370
Lactate 260-500 328
Formate 260-460 370
Indolocarbazole 33 Benzoate 300-500 328
Ibuprofen 300-500 370
Pivalate 260-500 328
Glucuronate 300-700 460
Lactate 300-700 475
4-NOs-indolocarbazole 28  Benzoate 300-700 453
Ketoprofen 320-700 473
Pivalate 300-700 475
. Formate 280-500 352
1,3-dicarbazolylurea 15 [buaitan 300-500 350
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Table 2. The excitation wavelength (Agy), the range of emission wavelengths (g, ), and
the analytical wavelengths in Fluorescence measurements.

Receptor Anion Agx (nm)  Ag., range (nm) A (nm)
Formate 350 365-600 375
Benzoate 350 365-500 386
latoloealraslo ) B e e ) 365-600 430
Ibuprofen 350 365-600 377
. Formate 346 365-500 390
e e el Tbuprofen 346 365-600 375

From the UV-Vis titration spectra, the degrees of dissociation (&) of the receptor-
anion complex were calculated using the following equation:

__ IR _ A*~aja-
[RI+[RA7]  Af-afa-

(20)

where A% is the absorbance at the titration step, A is the absorbance of the free
receptor, and Aﬁ A- 18 the absorbance of the receptor-anion complex at analytical
wavelength A.

From the Fluorescence titration spectra, the degrees of dissociation were
calculated using the following equation:

_ [R] _ FI*~FIf,-
" [RI+[RA™]  FIA—FIf,- D

where FI% is the fluorescence intensity at the titration step, F 1{} is the fluore-
scence intensity of the free receptor, and F If}A— is the fluorescence intensity of
the receptor-anion complex.

The absolute binding affinities (log K,¢s) were assigned using the average of
two or three different calculation procedures, as described in more detail in ref.”
The results from Benesi-Hildebrand linear regression method were excluded
from the average calculation if they did not coincide with the results of the other
two calculation methods. Mean of each log K, 55 value and its standard deviation
(s) were calculated from measurements performed on different days.

Binding affinity scales

When a sufficient number of relative affinity measurements were performed with
every receptor molecule and the absolute binding affinities of the anchor com-
pounds were determined, the binding affinity scales — one for every carboxylate
anion — were constructed.

In a single binding affinity scale, every relative binding affinity was presented
with an arrow between two receptor molecules. The absolute log K, 45 values were
obtained by anchoring the scale to the absolute binding affinities of the anchor
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compounds. This was done by minimising the sum of squares (SS) of the diffe-
rences between the directly measured A log K, 5 values and the assigned log K4
values, as also described in ref. ”°:

. 2
SS = Z:Lml{A log K;ss - [log Kass(RZA_) - log Kass (RlA_)]} (22)

Here n, represents the number of relative affinity measurements. Every
Alog K, value is the directly measured relative carboxylate binding affinity of
the receptors R; and R,. The agreement between the assigned absolute log K¢
values and the measured Alog K, 55 values was evaluated using the consistency
standard deviation (s) of the scale, as expressed by the following formula:”

SS

Nm—1N¢

(23)

where n. is the number of absolute log K, 55 values determined for a given scale
under investigation. Characteristic s describes the consistency of the whole
binding scale. The standard uncertainties of the individual log K, values as-
signed for every receptor were found according to Equations (24) and (25). The
standard uncertainties for comparing log K, 55 values within the same scale were
found according to the following equation:

uc(log Kags) = % (24)
where SD is the standard deviation of receptor’s relative binding affinities and n
is the number of Alog K, values determined for a given receptor. u.(log Kys)
represents the random effect in Alog K, s measurements and describes the accu-
racy of the relative binding affinity measurement method. The standard uncer-
tainties for comparing log K, 55 values between different scales or with those from
other research groups accounts also the random and systematic effects from
anchoring:

2
uc(log Kygs) = Ju (%) + u(anchoring)? + u(sys)? (25)
where u(anchoring) is calculated as a root mean square of differences between
the log K, 55 values obtained directly and using “the ladder approach”, and u(sys)
is assigned a fixed value of 0.03 based on our group’s long-term experience with
similar measurements.

The author of this dissertation used 44 different HBD receptors and 8 carbo-
xylate anions to construct 8 binding affinity scales.

32



2.5. Construction of solid-contact ion-selective electrodes

At this work stage, the focus shifted from the quantification of binding in solution
to a more physical application — Receptor 13 was used as an ionophore in a SC-
ISE. This part of the work is described also in Publication III.

Electrode preparation

The glassy carbon working electrodes (area = 0.07 cm?) were polished with
sandpapers (grit size from P240 to P4000), diamond paste (particle size 1 pm)
and aluminium oxide (particle size 0.3 pm). Before electropolymerisation, the
electrodes were cleaned chemically in 1 M HNOs solution and ultrasonically in
ethanol and water.

An aqueous solution of polymerisation electrolyte was prepared, containing
0.01 M 3.4-ethylenedioxythiophene (EDOT) and 0.1 M KCl as the background
electrolyte. The solution was stirred for 24 hours, protected from light, and before
synthesis, i.e., polymerisation, the electrolyte solution was deaerated by bubbling
nitrogen (N,) through the solution for at least 30 minutes. Electrochemical
synthesis of PEDOT was carried out using galvanostatic electropolymerisation
by applying a constant current of 0.014 mA for 714 s.°” The synthesis of
PEDOT(CI) is depicted in Figure 7.

) O 0} 0]

electropolymerisation
/ \ water, KCI (0.1 M) / \
@
S S

]
Cl

n

EDOT PEDOT(CI)

Figure 7. Electrochemical polymerisation of chloride doped PEDOT.

A conventional one-compartment three-electrode electrochemical cell was used,
where the auxiliary electrode was a glassy carbon (GC) rod, an Ag/AgCl single
junction electrode with an internal 3 M KCl solution was the reference, and the
polished GC electrode on which the polymer films was to be deposited, was the
working electrode. The experimental setup for electropolymerisation is shown
schematically in Figure 8.
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Figure 8. The experimental setup used for preparing GC/PEDOT electrodes. WE-
working electrode, RE—reference electrode, CE—counter (or auxiliary) electrode, No—
nitrogen gas flow.

During the polymerisation, N, gas flowed above the electrolyte solution to pre-
vent oxidation. The formation of the PEDOT film was monitored using cyclic
voltammetry. After polymerisation, the GC/PEDOT(CI) electrodes were rinsed
with purified water, the film’s quality was verified visually, and the electrodes
were conditioned in 0.1 M potassium acetate solution for one day before further
use.

After one day of conditioning the GC/PEDOT(CI) electrodes, they were re-
moved from the conditioning solution, rinsed with purified water, and allowed to
dry at room temperature for at least 24 hours. In the next step, two types of
membrane cocktails were prepared: ISE-membranes containing Ionophore 13,
and control membranes without ionophore (see membrane compositions in Table
3). All membrane cocktails were stored at +4 °C.

Table 3. The composition of prepared membrane cocktails.

Ion-selective membrane Control membrane
Ionophore 13 2 wt% -
0-NPOE 65 wt% 66 wt%
PVC 33 wt% 33 wt%
TDMACI 50 mol% rel. to ionophore 0.6 wt%
THF Dry content ~17% Dry content ~17%

GC/PEDOT(CI) electrodes were fixed upside down to a solid base. Half of the
electrodes were coated with ISM by drop-casting 100 pl of membrane cocktail
containing lonophore 13 onto the GC/PEDOT(CI) electrodes using a micro-
pipette. The other half of the electrodes were coated similarly with an ionophore-
free membrane cocktail for fabricating the control electrodes. Immediately after
drop-casting, all the electrodes were covered with a beaker to avoid contami-
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nation and too fast drying. After solvent evaporation, the constructed GC/
PEDOT/ISM electrodes were conditioned in 0.1 M potassium acetate solution for
at least three days before potentiometric measurements.

Electrode characterisation

The performance of each acetate-ISE or control electrode was studied by mea-
suring its potential in acetate solution. The calibration curves and the limit of
detection were obtained by the dilution method. The prepared SC-ISEs were
connected to the measuring channels of the potentiometer. A single junction
Ag/AgCl electrode with an internal 3 M KCI solution was used as a reference
electrode (RE). To verify the proper functioning of the main reference electrode,
a second RE of the same type was connected to a measurement channel as a
control reference. The pH of the solutions was monitored simultaneously with a
conventional glass pH electrode. All named electrodes were placed in the starting
solution of the primary ion. A stock solution of 0.1 M potassium acetate was then
serially diluted using an automatic pump, and at the same time the emf of all
measuring channels was recorded in real time. At each dilution, the pump re-
moved and replaced 34.2 mL of the electrolyte solution, so that the acetate con-
centration was in the range of 10°~10"" M. The potentiometric response of all
named electrodes was recorded in two different media: a) in a deionised water, in
which case the pump replaced the removed electrolyte with deionised water, and
b) in a HEPES-NaOH buffer at pH 7.0, in which case the removed electrolyte
was replaced with the specified buffer solution. All experiments were performed
at room temperature.

Electrochemical impedance spectroscopy measurements were performed by
using a conventional three-electrode cell (as shown in Figure 8, but without N»
flow) using a prepared acetate-ISE as a working electrode, a GC rod as an auxi-
liary electrode, and an Ag/AgCI/KCI (3 M) as a reference electrode. The mea-
surements of impedance were performed at open-circuit potential in a 0.1 M
potassium acetate solution. A sinusoidal potential modulation with 10 mV ampli-
tude was applied in the frequency range of 10 mHz to 100 kHz. All electrodes
were measured after an equally long conditioning time. Impedance data were
plotted and analysed in the form of complex plane (Nyquist) plots.

The pH effect experiments were conducted to evaluate how pH influences the
behaviour of acetate-ISEs. A fixed and known concentration of acetic acid (0.01
M) was monitored while systematically increasing the pH of the analyte solution
from 3.4 to 10.0. Increasing the pH was done by stepwise addition of concentrated
NaOH solution, which also contained 0.01 M acetate, ensuring that the total
concentration of acetate anion remained constant.

Potentiometric selectivity coefficients (logKfC(;tate ].) were determined by the

separate solution method (SSM) in 102 M NaF, Na,HPO4, Na;SOs, NaCl,
NaHCOs3;, HCOONa, NaBr, NaNOs, Nal, NaSCN, sodium benzoate, naproxen
sodium salt and ibuprofen sodium salt solutions. The solutions were first stirred
until the potentials were stabilised, then the stirring was stopped and the potential
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readings were taken after a few minutes. In order to eliminate the bias caused by
uptake of strongly interfering ions by the membrane, the solutions were selected
starting with the most discriminated ions in sequence of decreasing discrimi-
nation. Measurements with divalent ions and monovalent ions were carried out
separately.

The activity coefficients for all ions were calculated according to the follo-
wing formula:®!

Azl-zx/f
1+aBVI1

logy; = + Czl (26)
where A, B, and C are constants with values 0f 0.509, 3.286, and 0.1, respectively,
a is the effective hydrated radius'?' of the ion i, z; is the charge of the ion i, and /
is the ionic strength of the solution. The activities of monovalent ions and divalent
ions were 10%% and 10?!, respectively. Potentiometric selectivity coefficients
were calculated using Equations (16) and (17).
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3. RESULTS AND DISCUSSION

It would be desirable to obtain synthetic receptors capable of detecting small
carboxylates like acetate and benzoate through straightforward molecular recog-
nition processes. These receptors would serve as ideal candidates for use as iono-
phores in ion-selective electrodes. In my PhD project, I hypothesised that by
quantifying the binding affinities of acyclic synthetic HBD receptors, it would be
possible to estimate the selectivity of such receptors for monocarboxylates. In the
first part of the work, I measured the affinities of 44 synthetic receptors towards
8 monocarboxylates in the same environment. During the work, a new hypothesis
arose that if the used receptor framework is hydrophobic enough to be dissolved
in a polymeric membrane, it can be used as an ionophore for the manufacture of
ion-selective electrodes. In the study, 1,3-bis(carbazolyl)urea derivative was used
as an ionophore to prepare SC-ISEs for acetate determination.

3.1. Relative binding affinities

To design a synthetic receptor that strongly and specifically binds one particular
carboxylate, it is important to learn about the compatibility of different receptor
structures with carboxylates with different basicity, hydrophilicity, and steric
demand. In the primary receptor-anion selection, the receptor molecules were
represented by different urea-, indole-, carbazole-, thiourea- and indolocarbazole-
based synthetic receptors, and the carboxylates by acetate, pivalate, benzoate, and
lactate. Since the chosen receptors are relatively small and instead the building
blocks of more complex receptors, it was essential when choosing the measure-
ment technique that binding constants with slight differences could be measured
with high precision. The relative NMR-based measurement method’® made it
possible to study trends of the binding constant changes with carboxylate anions
and different families of multidentate HBD anion receptors." "

With this titration method, in the first stage of the work, relative binding mea-
surements were performed with lactate, benzoate, acetate, and pivalate. Figure 9
shows the stacked "H NMR spectra for the measurement series with lactate anion
and receptors 3, 27, and 33. The bottom spectrum corresponds to a solution to
which no titrant has been added (solution of free receptors). Titration proceeds
from bottom to top. The upper spectrum corresponds to a solution to which an
excess of titrant has been added (solution of receptor-anion complexes).

The shifts of the NH protons in the NMR spectra characterise the degrees of
complexation for these receptor-anion complexes. The stronger the binding affi-
nity of the receptor, the more significant the proportion of the receptor-anion
complex in the solution, and the faster the signal of the corresponding receptor
moves during the titration. For the measurement series shown in Figure 9, the
binding affinity order for the lactate anion is 27 > 3 > 33. These stacked NMR
spectra are also informative in the sense that in a situation where the NH signals
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of the receptors begin to shift to the left with a new momentum, it likely indicates
a 1:2 stoichiometry (after the binding of the first anion, the binding of the second
anion to the same receptor initiates). This kind of binding behaviour was observed
with receptors 5-7', 12-13", and 43". Throughout this dissertation, log Ky
values were always calculated using the 1:1 binding model, and only titration
points with a low anion concentration were considered for these named receptors.
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Figure 9. Stacked '"H NMR spectra of the relative binding affinity measurement between
receptors 3, 27, and 33 in DMSO-ds:H>0 (99.5%:0.5% m/m) with TBA lactate.

All four carboxylates, in the form of their tetrabutylammonium salts, were mea-
sured against 38 different receptor molecules in DMSO-ds with 0.5% of water
(m/m) and four binding affinity scales (one for each anion) containing all the
relative binding affinities (Alog K,¢s) were constructed.! To also assign absolute
binding affinities (log K,s) to all receptor molecules, all scales were anchored to
the log K, value of the same receptor, unsubstituted Indolocarbazole 33.

All receptors investigated in Publication I are HBD receptors, and hydrogen-
bonding interactions predominantly determine their binding. The aqueous pK,
values of pivalate, acetate, benzoate, and lactate are 5.03, 4.76, 4.20, and 3.86,
respectively?*2. Figure 10 demonstrates well how carboxylate anions’ binding
strength broadly follows the corresponding anions’ basicity. Overall, obtaining a
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binding pattern in which the most basic pivalate anion binds most strongly to the
receptors was anticipated because the anion’s increased negative charge density
results in a stronger attraction to the partial positive charges of the HBD binding
sites of the receptor molecule. Still, attention was paid to such “selectivity
reversals”, where the binding order of the same receptors differed for different
anions. Such selectivity reversals indicate that in addition to the appropriate
number and position of hydrogen bond donor sites, their size, geometry, hydro-
phobic interactions, and steric demand play a role even for such small receptor
structures. For example, receptor 14 stands out from the upper part of Figure 10
with its interesting binding trend. While it is not the strongest receptor for the
other carboxylate anions, it has the highest binding affinity towards the acetate
anion (log K,5s 4.94). This selectivity reversal is compounded by the fact that
receptor 15, which is by far the strongest pivalate anion binder (log K¢ 5.33), is
only the fourth strongest for the acetate anion (log K,ss 4.56). Comparing the
binding cavities of these two receptors, the cavity of receptor 14 is smaller and
more obscured by the tert-butyloxycarbonyl (Boc) groups. This matter prevents
the binding of the larger pivalate and makes the receptor 14 cavity more suitable
for the smaller acetate anion. For receptor 15, the cavity is larger and pivalate
with its hydrophobic tail can fit without much steric hindrance. This explanation
for the binding differences between receptors 14 and 15 was also supported by
the computational geometries'.

Significant changes in binding order also occur with receptors 3, 8 and 9. Their
common structural feature is that they all have relatively large and hydrophobic
substituents (a feature that led to their inclusion in the receptor selection) that can
interact hydrophobically with the hydrophobic tails of the carboxylate anions.
The binding experiments confirmed that the mentioned receptors prefer anions
with larger hydrophobic moieties — benzoate and pivalate (see Figure 10).

The strongest carboxylate binders in Publication I are receptors 11, 14, 15,
and 16. These receptors have multiple hydrogen-bond donor groups that are
suitably positioned for anion binding, and their binding pocket is just the right
size to recognise the carboxylate. An additional explanation from the calculated
geometries is that an almost planar receptor-anion complex is formed upon anion
binding, which experiences little steric strain.

The urea-based receptors with phenyl and/or naphthyl substitutions (receptors
20, 22 and 23) exhibit significantly weaker binding to carboxylate ions compared
to the related urea-based receptors (receptors 14, 15 and 16) that have indole or
carbazole substitutions. Despite the initial expectation that a receptor with addi-
tional naphthyl groups might enhance stabilising interactions with the hydro-
phobic regions of small carboxylates, binding studies reveal a different outcome.
Each added naphthyl ring introduces steric hindrance. Consequently, when the
carboxyl group binds, these receptors adopt an undesirable anti-anti confor-
mation, which hinders effective molecular recognition. It follows that indole and
carbazole moieties are more sensible choices near the binding site. They increase
the number of hydrogen bond donor sites and form a concave structure for
recognising small carboxylates.

39



- 7
Pivalate amion .. _ N
..... et 4 W HOH _zf’\

N7
T
S’ TBU B
HN O y }_{/
Ontau N \)

Acetate anion

Benzoate anion

Lactate anion

Figure 10. Binding-structure-relationship plot for pivalate, acetate, benzoate and lactate.
The position of the horizontal line and the numerical value above it both indicate the
absolute binding constant.
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Out of the studied urea-, indole-, carbazole-, thiourea- and indolocarbazole-based
synthetic receptors used in Publication I, the tetradentate systems of four suitably
located NH centres were the most successful combination for binding carboxylate
anions.

The described study with four carboxylates provided a good insight into how
anion receptors from different compound families interact with carboxylates. In
order to provide directly comparable binding constants for a larger set of recep-
tors and anions and to describe the receptor design necessary for their selective
binding, the study was expanded as follows:

a) The number of carboxylates to be investigated was increased from four
to eleven (formate, acetate, pivalate, lactate, naproxen, ibuprofen, keto-
profen, glucuronate, hexanoate, sorbate and benzoate). Such a sample of
carboxylates includes both smaller and larger, more basic and less basic,
more hydrophilic and hydrophobic, unsubstituted and X-substituted
anions with different geometries and steric hindrance.

b) From the initial 38 receptors, the 17 most promising were selected
(receptors 3, 5, 6, 7, 8, 9, 11, 14, 15, 16, 20, 21, 27, 28, 33, 35 and 42),
and five new receptors of interest (10, 12, 13, 41 and 43) were added to
the receptor selection. These 22 synthetic multidentate HBD receptors
are all acyclic urea-, carbazole- and indolocarbazole-based receptors.

In the second stage of the work, a total of 242 log K, values were determined
by '"H NMR-based relative binding affinity measurements. All 11 carboxylates,
in the form of their tetrabutylammonium salts, were measured against 22 different
receptor molecules in DMSO-ds with 0.5 % of water (m/m) and 11 binding
affinity scales (one for each anion) containing all the relative binding affinities
(Alog K,ss) were constructed.” Absolute log K, values were obtained by an-
choring scales to absolute log K, values of receptors 15, 27, 28 and 33. The
summary of experimental results is presented in Figure 11.

Figure 11 illustrates how a binding pattern has emerged for almost all selected
receptors and the binding affinity of anions follows the order of basicity only for
some simple receptors such as Indolocarbazole (33) or Diphenylurea (20). Com-
binations of carbazole (or indole) and urea (receptors 10-16) have the highest
binding affinities and form a cluster of best binders at the upper end of the figure.
Comparing the binding of these receptors to acetate, hexanoate and pivalate
(aliphatic, with similar basicity), the first major binding pattern is noticeable, it
appears that most of them bind acetate the weakest. Examination of the geo-
metries of the respective complexes revealed that hexanoate and pivalate with
longer alkyl chains fit better into the binding pocket of these receptors, allowing
solvophobic effects between the hydrophobic residues of the anions and the
receptors. Another major binding pattern in Figure 11 is the strong binding of
lactate to receptors 10—14. This is most probably favoured by additional hydrogen
bonds with the 2-OH group of lactate and, in contrast to glucuronate, a better
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spatial fit in the half-pocket of the receptors. Several other interesting relations
between structure and binding cases are pinpointed and analysed in Publication II.
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Figure 11. Binding-structure-relationship plot for 11 monocarboxylates. The position of
the horizontal line indicates the difference in binding constant from the log K, 45 value of
unsubstituted Indolocarbazole (33) and the numerical value indicates the absolute binding
constant.
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1,3-bis(carbazolyl)urea-based receptors 12 and 13 exhibit the highest binding
affinity for most anions in this study. They possess eight NH groups in total and
computational modelling suggests that five to six NH groups are used for recog-
nition of carboxylate group and others for the additional interactions for example
with the lactate OH group.

3.2. Absolute binding affinities

Until my studies, most of the relative binding measurements in our group were
performed with acetate.”’® Absolute binding values for acetate in DMSO with
0.5% of water (m/m) were previously determined by the first author of Publi-
cation I and were taken from ref ’°. With the addition of each new carboxylate to
the study, it was necessary to determine the absolute log K, 55 value of at least one
receptor with that anion to anchor the constructed scale.

The absolute log K,ss values were measured for Indolocarbazole 33 with
glucuronate, lactate, formate, benzoate, ketoprofen, ibuprofen, and pivalate. 4-
NOs-indolocarbazole 28 was used as a second anchor compound for glucuronate,
lactate, benzoate, ketoprofen, and pivalate. 1,3-dicarbazolylurea 15 was used as
a second anchor point for formate and ibuprofen from the upper part of the
binding scale. The results of the measurements are presented in Table 4.

The binding interaction between ketoprofen and Indolocarbazole 33 was not
assessed using the UV-Vis method due to the intrinsic UV-Vis absorbance of
ketoprofen up to 400 nm. This would have caused spectral overlap with the
absorption of the Indolocarbazole 33 receptor. However, the absorption spectrum
of the 4-NO,-indolocarbazole receptor occurs at longer wavelengths, allowing for
the determination of the absolute log K, value of ketoprofen via the UV-Vis
method. Conversely, evaluating the binding affinity of receptor 28 using fluore-
scence technique was problematic because of spectral interference from the
receptor’s absorption. Consequently, the absolute binding constants of receptor
28 were quantified exclusively using the UV-Vis technique. The slight differen-
ces between the log K, values obtained directly and using “the ladder approach”
(last column of Table 4) demonstrate the excellent consistency between the
absolute and the relative binding affinity measurements.
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3.3. Binding affinity scales

A relative binding affinity scale was constructed for each carboxylate anion under
study. On these scales (“ladders”), each double-ended arrow represents the diffe-
rence in the absolute binding affinities between two receptor molecules on a
logarithmic scale. In other words, one arrow represents the Alog K, value ob-
tained from one measurement series. Each receptor is linked to the scale through
at least two relative binding affinity values, and each additional measurement
further validates the entire scale.'”> However, there are two reasons why specific
receptors have been measured significantly more frequently than others on the
scale: a) the respective receptor may have been synthesised in larger quantity, so
it is readily available for numerous measurements, and/or b) the NH peaks of the
respective receptor are positioned in the spectrum at locations less likely to
overlap with the NH peaks of other measurable receptors.

The timeline of the work of the compiled scales explains why the acetate,
pivalate, lactate, and benzoate scales are significantly larger than the scales of the
other carboxylates used in the study. Acetate was the first anion selected by my
colleague and the lead author of Publication I, Sandip A. Kadam, to develop the
NMR-based relative binding affinity measurement method and characterise the
binding of different HBD anion receptors.”® The choice of receptors in Publica-
tion I builds heavily on the work that began with acetate. In order to study discri-
mination, binding affinities with benzoate, lactate, and pivalate were measured
against the same receptors that had already been measured with acetate. However,
at this point, confident choices were already made to limit the overall number of
receptors, especially those that bind anions weaker. For example, indolocarba-
zoles with 1,10-substitutions were not included (as shown in ref. ® that bulky
groups near the binding site hinder the anion complexation), and in the case of
very similar receptors (e.g. 2-NO»-indolocarbazole vs 4-NOs-indolocarbazole),
only the receptor with the strongest affinity was selected for further study. The
Publication I reported the affinities of 38 receptors for four carboxylates. The
measurement results from Publication II further increased the acetate, pivalate,
lactate, and benzoate binding scales.

Publication II reported the affinities of 22 receptors for 11 carboxylates. The
goal was to add even more carboxylates with different properties to the research
and, at the same time, more complex receptors to the selection of receptors that
could be potentially suitable carboxylate binders. At the same time, the number
of more superficial and less attractive receptors in terms of binding behaviour
was significantly reduced.

The measurements of naproxen, sorbate and hexanoate were performed by a
colleague and the second author of Publication II, Juuli Noges, and the binding
affinity scales for these anions can be found in the Supporting Information of
Publication 1. However, log K5 values for naproxen, sorbate and hexanoate are
presented on the binding affinity scale shown in Figure 11 because they are an
essential part of the discrimination study and necessary for comparing and
discussing the binding affinity of 11 carboxylates. Binding affinity scales for
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formate, acetate, pivalate, lactate, ibuprofen, ketoprofen, glucuronate, and ben-
zoate are presented on the following pages (Tables 5—-12). The consistency stan-
dard deviation s for each scale is indicated in the corresponding table footnote.
All the synthetic receptors measured by the author of this dissertation are under-
lined.
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At this point, hundreds of Alog K, 55 values were measured that are directly com-
parable. Among the binding patterns, there were more prominent, visible diffe-
rences, and many affinities that differed very little. The question was, can the
studied receptors distinguish the selected carboxylates?

3.4. Principal component analysis of the binding data

Principal component analysis (PCA) was performed to evaluate, summarise, and
comparatively visualise the binding trends of the 11 selected carboxylate anions
(Figure 12). The data matrix of absolute log K, values was first transformed
into relative log K, 55 values (relative to Indolocarbazole 33). To account for the
uncertainties in log K, s measurements, ten log K, values were created for each
receptor-anion combination by adding randomised arbitrary values within the
uncertainty limits, i.e., -0.02...+0.02 log K4 units (as the highest u, value from
Tables 5-12 is 0.02). The resulting data matrix comprised 110 rows (11 anions,
ten points for each) and 22 columns (22 receptors depicted in Figure 11).

Principal component analysis was performed with the R freeware program
package (ver. X64 3.2.0). Scaled data were used in the PCA analysis.

4

A

Steric hindrance Hydrophobicity

PC2 (11.38 %)
o

-2

Anion basicity

-9 -7 -5 3 -1 1 3 5 7 9
PC1(71.22 %)

Figure 12. PCA plot of binding constant data (relative to Indolocarbazole 33). The scatter
of the dots visualises the uncertainties of the experimental log K¢ values.
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Analysing the resulting PCA plot reveals that the anions are distributed based on
three main properties: basicity, hydrophobicity, and steric hindrance. The cor-
responding property is strengthened in the direction of the influence arrows of the
mentioned properties (see Figure 12). Bulky anions with hydrophobic moieties
are directionally concentrated in the upper right quadrant, and small hydrophilic
anion formate is located in the bottom left quadrant. Anions with hydrophobic
moieties but without steric hindrance around the carboxylate group are located in
the lower right quadrant. Finally, anions with hydrophilic moieties and some
steric hindrance are in the upper left quadrant.

The first principal component (PC1) describes 71% of the variance. It repre-
sents the basicity of the anions mainly and, to some extent, their hydrophobicity.
The basicity of the anions dominates the binding. However, the four hydrophobic
anions located close to each other — benzoate, ketoprofen, naproxen, and ibu-
profen — are arranged in the graph precisely in the order of hydrophobicity
(log P,_,y values are 1.87, 3.12, 3.34, 4.5, respectively; see Figure 2). Also, the
graph separates sorbate and hexanoate more distinctively than would be expected
from their similar pK, values (calculated pK, values in DMSO are 12.4 and 12.5,
respectively; see Figure 2). The second principal component (PC2) describes
11% of the variance and expresses mainly the steric hindrance of the anionic
centre. Anions with less steric hindrance (formate, acetate, sorbate, hexanoate)
are located in the lower half of the PCA plot. Anions that are hindered from
binding due to their substituents near the carboxylate group are located in the
upper half of the plot. It is evident from the graph that the larger glucuronate
anion is distinguishable from the smaller formate anion with less steric hindrance,
although their basicities are not too different.

To conclude the structure-affinity study, it can be said that the selected synthe-
tic HBD receptors can distinguish carboxylates with different structures. With
similar basicity of carboxylates, the binding order is determined by the structural
(hydrophilicity, substitution at the a-carbon, etc.) and steric properties of the
anion and receptor. At the end of Publication II, it was obvious that instead of
designing one selective HBD receptor for a specific carboxylate anion, further
work could be related to sensor arrays and fingerprinting carboxylates from
mixtures. This is because none of the receptors used in the work is even close to
selectively binding one specific anion. Still, when several receptors are used
together, clear patterns are formed, with the help of which it is possible to
distinguish carboxylates from each other.

From this juncture, I oriented my study towards practical applications. The
results below describe a self-made electrode in which one of the receptors used
in the structure-affinity study is incorporated into the electrode’s ion-selective
membrane. Anticipating future research, one avenue involves integrating various
investigated receptors into electrode membranes. This approach aims to create
sensor arrays for carboxylate fingerprinting in mixtures.
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The results described up to now have shown that I can accurately measure the
binding affinities of receptors towards carboxylates in solution. The results of the
structure-affinity studies unveil that receptor 13 is the strongest binder for five
monocarboxylates out of 11 in DMSO:H,O (99.5%:0.5% m/m). Thus, this
receptor was selected as the ionophore for constructing SC-ISEs at Abo Akademi
University (Finland), described in Sections 2.5, 3.5, and Publication III.

3.5. Properties of prepared acetate-selective electrodes

Neutral Ionophore 13 is a profoundly lipophilic molecule (log P,_,, 13.9 £ 1.0'*)
capable of forming ion-to-ionophore complexes. A successful ionophore is highly
lipophilic to ensure it remains in the membrane phase and does not leach into the
sample. The Ionophore 13 has four tert-butyl groups and hydrophobic tails
containing naphthyl groups. Due to its high lipophilicity, it is well soluble in the
plasticised polymeric matrix, and no crystalline precipitates or aggregation of the
membrane components were detected for the SC-ISEs.

Acetate was chosen as the primary ion for all the experiments. While ibu-
profen or pivalate could have been viable choices based on the binding study,
their high lipophilicity posed a significant challenge. Using these more lipophilic
anions would have made it difficult to demonstrate that the binding observed was
due to specific molecular recognition rather than a general preference for lipo-
philic anions over less lipophilic ones.

The potentiometric response curve of a representative acetate-ISE during
serial dilutions is shown in Figure 13. In a 0.1 M potassium acetate starting
solution, the acetate ion activity is 10™"1°, and the average potential value for the
five acetate-ISEs was 106.1 mV + 2.8 mV. Then, by serial dilutions, the acetate
activity in the measured solution was reduced to 10”7°°. During each dilution step,
the acetate ISEs were temporarily removed from the calibration solution (in air),
with no signal in the potentiometric response curve at these time points. When
the new dilution was ready, the electrodes were immersed back into the solution,
and the average estimated response time in the activity range of 10*°°-10""1° was
105 s + 55 s. The response time includes the time needed for mixing the solutions
after each dilution step (no stirring), so it should be considered an approximate
upper limit of the response time.
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Figure 13. Potentiometric response curves of representative acetate-ISEs during sequen-
tial dilutions (acetate activities shown in the graph).

Prepared electrodes gave sub-Nernstian responses to acetate (Table 13 and Figure
14). While Nernstian behaviour is desirable, sub-Nernstian responses are com-
mon in practice and explained by assuming competitive reactions. It can be in-
ferred that the coextraction of cations contributed to a partial breakdown of the
membrane’s permselectivity.

Table 13. Response characteristics for acetate-ISEs and ionophore-free control electrodes.

Slope

Electrode type N¢ (mV/decy’ logay,© logagp? R?
Acetate-ISEs in water 5 -52.1+04 -4.01 -5.00+£0.02 0.999
Control electrodes 4 -49.4+0.9 -4.01 -4.15+0.04 0.996
Acetate-ISEs in buffer 5 -53.9+1.1 -3.02 -3.32+0.04  0.997

“ Number of electrodes. ? Average + standard deviation. ¢ Lower limit of linearity. ¢ Limit
of detection + standard deviation.

The calibration curves of acetate-ISEs and ionophore-free control electrodes are
shown in Figure 14.
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Figure 14. Calibration curves of (0) acetate-ISEs and (X) ionophore-free control
electrodes measured in deionised water (without any background electrolyte or buffer).
Calibration curve of (O0) acetate-ISEs obtained using a HEPES-NaOH buffer at pH 7.0.
The standard deviations of all potential readings were < 3.5 mV.

The calibration curve obtained for acetate-ISEs in the HEPES-NaOH buffer at
pH 7.0 shows a slope of -53.9 = 1.1 mV, similar to the slope observed in mea-
surements made in deionised water (Figure 14). However, there’s a notable diffe-
rence in the linear range. The linear range is significantly narrower in the HEPES-
NaOH buffer at pH 7.0 (see Table 13). One potential cause could be the extraction
of interfering species from the buffer into the membrane, thereby altering the
acetate ion activity in the membrane phase.

Using ISEs in water without adding a pH buffer is desirable because it
simplifies the analytical procedure. /n-sitfu measurements, where samples are
measured directly in their natural environment, adding a buffer may not be
feasible. Since the HEPES buffer was found to reduce the working range of the
acetate-ISEs, the decision was made to study all the prepared electrodes in un-
buffered media.

Impedance measurements were performed on acetate-ISEs immersed in 0.1 M
potassium acetate solution. The results obtained for five identical acetate-ISEs
are shown in Figure 15.
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Figure 15. Electrochemical impedance spectra for five identical acetate-ISEs obtained in
0.1 M potassium acetate solution. The frequency range is from 10 mHz to 100 kHz. The
five different symbols denote five replicate electrodes.

Initially, a high-frequency semicircle was observed, which can be attributed to
the bulk resistance in parallel with the geometric capacitance of the ISM. Follo-
wing this, a low-frequency diffusion line emerges, associated with ions’ diffusion
within the ISM and the PEDOT layers. Notably, variations in the bulk resistance
values (ranging from 1 to 1.5 MQ) suggest slight differences in the ISM thickness
across individual electrodes. However, these thickness variations are unlikely to
significantly impact the potentiometric response of the ion-selective electrodes
(ISEs). Notably, the absence of a large semicircle or capacitive line at the lowest
frequencies indicates that the PEDOT layer effectively mediates the ion-to-
electron transduction process’’, which possesses a sufficiently high redox capaci-
tance.

The results of the pH effect study are depicted in Figure 16. At the beginning
of titration, where acetic acid is not fully dissociated, the potential becomes more
negative due to the step-by-step deprotonation of acetic acid, i.e., an increase in
acetate ion concentration. After that, between pH 6.0 and 8.0, there is minimal
potential change. However, above pH 8.0, the somewhat alkaline solution leads
to a minor potential change towards more negative values, possibly due to inter-
ference from OH™ ions.
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mined using the separate solution method.*® The logarithms of selectivity co-
efficients calculated with respect to acetate anion for both the ISEs with
membrane containing the lonophore 13 and the ISEs with control (ionophore-
free) membrane are shown in Table 14 and illustrated in Figure 17.

The selectivity coefficient (log ) for each interfering ion j was deter-

Table 14. The selectivity coefficients” of various interfering anions for acetate-ISEs and
control electrodes.

L log K g::):tate,i pot
onl Acetate-ISE? Control” Alog Kscetare
ibuprofen 440 +0.07 525 +£0.04 -0.85
naproxen 425 +£0.06 500 =£0.04 -0.75
bengoate 230 *£0.05  3.06 +0.04 0.76
SEN- 124 005 648 =0.07 524
I 087 =+003 573 =£0.05 -4.86
NOs 0.56 +0.04 433 +0.04 3.77
Br 0.10 +£0.03 331 +0.03 -3.21
HCOO- -0.15 £0.05 035 +£0.01 -0.50
HCOr 016 £003 -012 003 0.04
cr 061 +£002 135 =001 11.96
SO 087 +0.14 -040 +0.03 -0.47
HPOZ 163 £016 -0.74 004 0.89
F -1.94 +£0.09 -1.21 =£0.06 -0.73

“ Selectivity coefficients measured with the separate solution method at 1 x 102 M sodium
salts of analytes in deionised water. * Averages and standard deviations for five ISEs and
four control electrodes.
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The ionophore-free control membrane also exhibits a response to anions. How-
ever, since the ionophore does not complex these anions, a non-specific Hof-
meister'?* selectivity behaviour was expected. The selectivity of ionophore-free
control membranes followed the anticipated pattern, which aligns with the lipo-
philicity of the anions. Consequently, highly hydrophobic anions, such as SCN
and I', exhibit the highest selectivity coefficients against acetate. Additionally,
the response to CI” was significantly stronger in the control membranes than the
response to acetate. Incorporating the Ionophore 13 into the membrane signi-
ficantly alters the selectivity pattern, resulting in a distinctly different response
order for the carboxylate anions. For example, hydrophobic carboxylates such as
naproxen and ibuprofen exhibit the highest selectivity coefficients against
acetate. Furthermore, the membrane containing lonophore exhibits higher selecti-
vity towards small carboxylates (such as acetate and formate) and HCO;™ than to
CI'. Remarkably, the ionophore-based electrode exhibits relatively high selecti-
vity for bicarbonate, which is an essential analyte in clinical analysis®*. Notably,
the selectivity coefficients obtained for ISEs and control membranes vary in
magnitude. It is noticeable that in the case of ionophore-containing membranes,
the interferences from anions that are very hydrophobic but do not have a
carboxylate group for binding with the ionophore, such as SCN", I, NOs™ and Br,
have become relatively small. The selectivity coefficients of SCN", I', NOs™ and
Br decrease by 3-5 orders of magnitude when adding ionophore to the
membrane, and the selectivity coefficients of very hydrophilic anions such as F,
HPO.*, and SO,> are significantly lower than in case of the ionophore-free
membrane (Table 14 and Figure 17). These results show that the selectivity of an
ionophore-containing membrane is, to a large extent, determined by the iono-
phore.

The selectivity pattern observed in electrode prototypes differs from those
predicted by single-phase NMR measurements because classical binding affinity
titrations overlook critical factors in receptor-anion complexation within a hydro-
phobic polymeric membrane. These factors include molecular lipophilicity, inter-
fering substances, cation influence, and variations in water content.

Although the characteristics of the fabricated acetate-selective electrode
prototypes have room for improvement (such as expanding the linear range, mini-
mising the sub-Nernstian deviation toward the Nernstian behaviour, and en-
hancing the limit of detection), the integration of the synthetic receptor into the
polymeric membrane was successful and enabled achieving functional selec-
tivity.
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SUMMARY

Carboxylate anions are pivotal in environmental, biological, and industrial con-
texts, necessitating their accurate determination. While various analytical methods
such as chromatography, mass spectrometry, and fluorescence techniques exist,
there is a growing need for synthetic receptors that can serve as carboxylate
sensing ionophores in ion-selective electrode membranes. Potentiometric sensors,
particularly solid-contact ion-selective electrodes, offer practical advantages due
to their portability, excellent sensitivity, low energy consumption, and ease of
maintenance.

This dissertation presents a systematic comparison of binding affinities of
acyclic synthetic receptors towards different monocarboxylates and demonstrates
the application of one such receptor as an ionophore in self-constructed solid-
contact ion-selective electrodes. The binding abilities of different receptors were
quantitatively characterised in terms of binding affinities (expressed as log K4
values) using the relative NMR-based measurement method. This titration
method facilitated the creation of comprehensive binding-structure-relationship
plots, allowing for direct comparison of the receptors’ affinities.

Initially, the binding of small synthetic receptor molecules containing indolo-
carbazole, carbazole, indole, urea, thiourea, and amide moieties was studied with
pivalate, acetate, benzoate, and lactate. Key findings include: (a) binding is pri-
marily driven by hydrogen-bonding interactions and the basicity of the carbo-
xylate anion, (b) tetradentate systems with four well-placed NH centres, such as
bis-indolyl or bis-carbazolyl ureas, provide the most effective binding configu-
ration, (c¢) ortho-phenylenediamine-bis-urea receptors form weaker complexes
due to suboptimal spatial arrangement of NH groups, (d) tridentate carbazole-
based receptors are less effective due to asymmetrical binding and (e) bidentate
diphenylurea and indolocarbazole centres exhibit similar binding efficiencies due
to balance between lower hydrogen-bond donicity and a more favourable bond
angle for hydrogen-bond formation in diphenylurea. The main factors influencing
binding efficiency are the number of hydrogen-bond donor sites, their donicity,
their mutual positioning, and potential steric hindrance around the binding sites.

Further studies modified the receptor selection and expanded the number of
carboxylates tested, resulting in the construction of eight binding affinity ladders
and the examination of differential binding for 11 carboxylates (formate, acetate,
pivalate, lactate, naproxen, ibuprofen, ketoprofen, glucuronate, hexanoate, sor-
bate, and benzoate). Findings revealed that: (a) anion basicity remains a crucial
factor, but structural and steric factors also influence binding, (b) the carbon chain
length plays a modest role in anion differentiation, (c) the binding affinity of
acetate and pivalate is significantly affected by the binding site dimensions sup-
porting solvophobic effects, and (d) carboxylates with different structures can be
distinguished using a differential sensing paradigm.

Finally, a 1,3-bis(carbazolyl)urea derivative was utilised as a neutral hydrogen-
bonding ionophore to construct solid-contact acetate-selective electrode proto-
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types. These electrodes exhibited linearity over the activity range of 10*3°~10"1°
with a sub-Nernstian slope of 51.3 mV per decade and a detection limit of 10,
The prototypes demonstrated a selectivity pattern that deviated from the Hof-
meister series, showing higher selectivity for small carboxylates (acetate, for-
mate) and bicarbonate over chloride. Additionally, the ionophore-based electro-
des showed reduced interference from hydrophobic inorganic anions such as
SCN-, I, NOs7, and Br~ compared to electrodes using an ion-exchanger without
the ionophore. However, further advancements in the design and synthesis of
synthetic anion receptors are necessary to achieve even higher levels of selec-
tivity and sensitivity.
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SUMMARY IN ESTONIAN

Karboksulaatide tuvastamine siinteetiliste retseptorite abil -
struktuur-afiinsuse uuringutest tahkiskontaktiga
anioonselektiivse elektroodi prototiitbini

Ioonid méngivad olulist rolli nii keskkonnasiisteemides kui ka bioloogilistes prot-
sessides. loonide tasakaalu muutustel on enamasti kahjulikud mojud: keskkonnas
pohjustavad ioonide tasakaaluhédired saastet, samas kui tasakaalumuutused orga-
nismides voivad pdhjustada haiguseid. Ioonide kontsentratsiooni saab méérata
erinevate analiilisitehnikatega, nt ioonkromatograafiga, massispektromeetriaga
voi ioonselektiivsete elektroodidega. Tahkiskontaktiga ioonselektiivsetel elekt-
roodidel on teiste meetodite ees mitmeid eeliseid — need on lihtsad, odavad, kii-
red, miniaturiseeritavad ja need saab asetada otse moddetavasse lahusesse, ilma
et peaks selleks proovi eeltodtlema voi laborisse viima. Kuigi véikseid katioone
on poliimeerse membraaniga ioonselektiivsete elektroodidega méadratud juba iile
40 aasta, siis keerukamate ioonide, nditeks karbokstilaatioonide mé4ramiseks, ei
ole leitud piisavalt hiid ionofoore, millega elektroodi membraani valmistada.

Minu doktoritoé eesmirgiks on uurida véikeste karboksiilaatide seondumist
siinteetiliste retseptormolekulidega, et tuvastada retseptorite struktuuris karbo-
ksiilaatioonide dratundmist soodustavaid struktuurifragmente. Uurimustdo lisa-
eesmirgiks on valida vélja parimate seondumisomadustega retseptor ning kasu-
tada seda ionofoorina tahkiskontaktiga ioonselektiivse elektroodide poliimeerses
membraanis.

Efektiivse ionofoori leidmiseks erinevate karboksiiiilretseptorite seast on vaja
moista supramolekulaarseid retseptor-anioon seondumisprotsesse fundamen-
taalsel tasemel ja médrata uuritavate retseptorite seondumisafiinsused. Varase-
mad uuringud on néidanud siinteetiliste retseptorite head afiinsust ja moddukat
selektiivsust erinevate karbokstilaatide suhtes. Kuid siiani ei ole avaldatud pdhja-
likku uurimust karboksiilaatioonide struktuuride ja seondumisafiinsuste sdltuvu-
sest. Uuringud véhese arvu retseptorite ja anioonidega erinevates lahustites sea-
vad piirangud {ildistusteks ja muudavad seondumisandmete sisuka vordlemise
keeruliseks. Seejuures on ioonselektiivsete elektroodide membraanidesse joud-
nud vaid iiksikud karboksiilaatide retseptorid ning nende selektiivsust memb-
raanis on uuritud véga vihe.

Oma t60s iseloomustasin 44 erineva retseptori seondumisvoimekust kvantita-
tiivselt seondumisafiinsuste (log K,s) kaudu, kasutades selleks meie uurimis-
riihmas varem viljatdotatud suhtelist tuumamagnetresonants-spektromeetrilist
tiitrimismeetodit. See meetod voimaldab 0.5% veesisaldusega dimetiitilsulfoksiidis
eristada ka retseptormolekule, mille seondumistugevuste erinevus on vihem kui
0.05 log K, ¢ iihikut ning koostada kooskolalisi seondumisafiinsuste skaalasid
uuritavatele anioonidele. Struktuur-afiinsus uuringu jarelduste tegemiseks kasu-
tasin lisaks seondumiskonstantidele ka COSMO-RS meetodil arvutatud geo-
meetriate ja peakomponentide analiiiisi tulemusi.
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Esialgu uurisin indolokarbasool-, karbasool-, indool-, uurea-, tiouurea- ja
amiid-fragmente sisaldavate siinteetiliste retseptorimolekulide seondumist tri-
metiililatsetaadi, atsetaadi, bensoaadi ja laktaadiga. Olulisemad tulemused on
jargmised: (a) seondumistugevuse madravad peamiselt vesiniksideme interakt-
sioonid ja karboksiilaatiooni aluselisus, (b) tetradentaatsetel retseptoritel nagu
bis-indoliiiil- vdi bis-karbasoliitiluuread, millel on neli sobiva paigutusega NH
rithma, on karboksiilaatide seondumiseks kdige sobivama geomeetriaga seondu-
mistasku, (c) orto-feniileendiamiini-bis-urea retseptorid moodustavad norgemaid
komplekse NH riihmade ebasoodsa ruumilise paigutuse tottu, (d) tridentaatsete
karbasooli-pdhiste retseptorite madalam afiinsus on pohjustatud nende asiim-
meetrilisest seondumisest ning (e) bidentaatsed difeniiiiluureal ja indolokarba-
soolil pohinevad retseptormolekulid néitavad sarnaseid seondumisafiinsusi — kui-
gi difentiiiluurea on norgem vesiniksidemete doonor, on moodustatavad vesinik-
sidemed soodsama nurga all kui indolokarbasooli fragmendi puhul. Retseptorite
seondumisafiinsust mojutavad eelkdige NH riihmade arv, nende paigutus ja happe-
lisus ning voimalik steeriline takistus seondumistasku laheduses.

Uurimustdd jargmises etapis jitsin uuringutest vilja madalama afiinsusega
retseptorid, lisasin juurde viis keerukama struktuuriga huvipakkuvat retseptorit
ning laiendasin uuritavate karboksiilaatide hulka. Koostasin kaheksa seondumis-
afiinsuste skaalat ja uurisin 11 karboksiilaadi (formaat, atsetaat, trimetiiiilatsetaat,
laktaat, naprokseen, ibuprofeen, ketoprofeen, gliikkuronaat, heksanoaat, sorbaat ja
bensoaat) seondumist. Tulemused néitasid, et: (a) aniooni aluselisus jadb siiski
votmeteguriks, kuid seondumist mdjutavad ka aniooni asendusrithmad, steerika
ja voimalikud tdiendavad vastasmojud, (b) siisinikahela pikkus méngib anioonide
eristamisel tagasihoidlikku rolli, (c) atsetaadi ja trimetiiiilatsetaadi seondumis-
afiinsust mdjutavad mérkimisvairselt seondumistasku mootmed, mis saavad olla
solvofoobseid efekte soodustavad ning (d) tekkivate seondumismustrite tdttu on
mitme retseptori koosmdjul vdimalik erineva struktuuriga karboksiilaate {iks-
teisest eristada.

Eelnevate tulemuste pdhjal valisin vélja kdrge seondumisafiinsusega 1,3-
bis(karbasoiiiil)urea derivaadi ning kasutasin seda ionofoorina tahkiskontaktiga
atsetaat-selektiivsete elektroodide prototiiiipide valmistamiseks. Need elektroo-
did néitasid lineaarsust aktiivsusvahemikus 10#3°-10"1°, sub-Nernstiaalset tdusu
51,3 mV kiimnendi kohta ja avastamispiiri 10°%. Valmistatud elektroodiproto-
tiilipide selektiivsus erineb oluliselt Hofmeisteri seeriast, ndidates suuremat
selektiivsust véikeste karboksiilaatide (atsetaat, formaat) ja vesinikkarbonaadi
suhtes vorreldes kloriidiooniga. Ilma ionofoorita kontrollelektroodidega vorrel-
des vdhenes hiidrofoobsete anorgaaniliste anioonide nagu SCN-, I, NO;™ ja Br~
segav moju. Valitud retseptormolekuli kasutamine ionofoorina dnnestus, kuid
veelgi korgema selektiivsuse ja tundlikkuse saavutamiseks on vaja siinteetiliste
anioonretseptorite disaini ja siinteesi edasi arendada.
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