
1
Tartu 2021

ISSN 1406-0299
ISBN 978-9949-03-590-8 

DISSERTATIONES 
CHIMICAE  

UNIVERSITATIS 
TARTUENSIS

202

A
STR

ID
 D

A
R

N
ELL	

C
om

putational design of anion receptors and evaluation of host-guest binding

ASTRID DARNELL

Computational design 
of anion receptors and evaluation 
of host-guest binding



DISSERTATIONES CHIMICAE UNIVERSITATIS TARTUENSIS 

202 

 
  



DISSERTATIONES CHIMICAE UNIVERSITATIS TARTUENSIS 

202 

 
 
 
 
 

ASTRID DARNELL 
 

Computational design  
of anion receptors and evaluation  

of host-guest binding 
 
 
 
 
 
 
 
 
 
 
 
 
 



Institute of Chemistry, Faculty of Science and Technology, University of Tartu, 
Estonia 
 
The dissertation is accepted for commencement of the degree of Doctor of 
Philosophy in Chemistry on 29.03.2021 by Council of Institute of Chemistry, 
University of Tartu 
 
Supervisor: Prof. Ivo Leito, PhD  

Institute of Chemistry, University of Tartu, Estonia 
Opponent: Prof. Dr. Katrina (Kate) Jolliffe  

The University of Sydney, Australia
Commencement: May 20, 2021 at 10:15 

Ravila Street 14a, Tartu (Chemicum) 
 
Publication of this dissertation is granted by University of Tartu, Estonia. 
 
This work has been partially supported by the Estonian Research Council grant 
PRG690. This work has been partially supported by Graduate School of 
Functional materials and technologies receiving funding from the European 
Regional Development Fund in University of Tartu, Estonia. 
 
 

  
 
 
 
 
 
 
ISSN 1406-0299 
ISBN 978-9949-03-590-8 (print) 
ISBN 978-9949-03-591-5 (pdf) 
 
Copyright: Astrid Darnell, 2021 
 
 
University of Tartu Press 
www.tyk.ee 
  

 

  
 



5 

TABLE OF CONTENTS 

LIST OF ORIGINAL PUBLICATIONS  ......................................................  7 

ABBREVIATIONS  .......................................................................................  8 

INTRODUCTION  .........................................................................................  9 

1.  LITERATURE OVERVIEW  ...................................................................  11 
1.1  Supramolecular chemistry  ................................................................  11 
1.2  Anion receptors  ................................................................................  11 
1.3  Types of binding interactions in anion receptor complex formation   12 
1.4  Effects on complexation  ...................................................................  13 
1.5  Experimental characterization and studies of binding  ......................  13 
1.6  Computational studies of binding  .....................................................  15 

2. EXPERIMENTS AND COMPUTATIONS  ..............................................  18 
2.1  Computational parameters  ................................................................  18 
2.2  Experimental parameters  ..................................................................  19 

3. RESULTS AND DISCUSSION  ...............................................................  21 

 I Computational study of anion-receptor binding .....................................  21 
3.1  Studying the usability of the COSMO-RS method ...........................  21 

3.1.1  Studying small molecules and anions with COSMO-RS  .......  21 
3.1.2  The effects of parametrization choice and the estimation of 

solvent water content to the computational predictions  .........  23 
3.1.3  Conformer stability in solution environment  .........................  26 

3.2  Computational receptor design  .........................................................  28 
3.2.1  Indolocarbazole-, carbazole- and urea-based receptors and 

effects of linker fragments  ......................................................  30 
3.2.2  Moving towards selective carboxylate receptor design  ..........  34 
3.2.3  Macrocyclic receptors  ............................................................  35 

II Experimental determination of thermodynamic parameters of 
complex formation  ...................................................................................  43 
3.3 Choosing the model reaction  ............................................................  43 
3.4  Planning ITC experiments  ................................................................  44 
3.5  Basic principles of uncertainty estimation  ........................................  46 
3.6  Estimating the uncertainty for input parameters  ...............................  46 
3.7  The measurement uncertainty of the heat effects of single 

injections ...........................................................................................  46 
3.8 Determining the estimate of ΔH and estimating the combined 

standard uncertainty for the result  ....................................................  47 

SUMMARY  ..................................................................................................  50 

REFERENCES   .............................................................................................  52 

SUMMARY IN ESTONIAN   .......................................................................  60 



6 

ACKNOWLEDGEMENTS  ..........................................................................  62 

APPENDICES  ...............................................................................................  63 
Appendix 1. Macrocyclic receptor complexes with the acetate anion 
(work[IV])  ................................................................................................  63 

PUBLICATIONS  ..........................................................................................  65 

CURRICULUM VITAE  ...............................................................................  137 

ELULOOKIRJELDUS  ..................................................................................   
 
  

139



7 

LIST OF ORIGINAL PUBLICATIONS 

I. Tshepelevitsh, S.; Oss, M.; Pung, A.; Leito, I. Evaluating the COSMO-RS 
Method for Modeling Hydrogen Bonding in Solution. ChemPhysChem 
2013, 14, 1909–1919. 

II. Kadam, S. A.; Haav, K.; Toom, L.; Pung, A.; Mayeux, C.; Leito, I. Multi-
dentate Anion Receptors for Binding Glyphosate Dianion: Structure and 
Affinity. Eur. J. Org. Chem. 2017, 11, 1396–1406. 

III. Pung, A.; Leito, I. Predicting Relative Stability of Conformers in Solution 
with COSMO-RS. J. Phys. Chem. A 2017, 121, 36, 6823–6829. 

IV. Rüütel, A.; Yrjänä, V.; Kadam, S. A.; Saar, I.; Ilisson, M.; Darnell, A.; 
Haav, K.; Haljasorg, T.; Toom, L.; Bobacka, J. and Leito, I. Design, 
synthesis and application of carbazole macrocycles in anion sensors. Beil-
stein. J. Org. Chem. 2020, 16, 1901–1914. 

V. Darnell, A.; Sikk, L.; Porosk, L.; Leito, I. Uncertainty of small enthalpy 
effects measured by isothermal calorimetric titration. Journal of Chemical 
Metrology 2021,15, 1. 
 
Author’s contribution 

Paper I:  Part of the computational work (the computational study of 14 
indolocarbazole-, pyrrole- and urea- based receptor molecules and 
estimation of 70 binding constants between small anions and the 
same receptor molecules), participated in writing the manuscript. 

Paper II:  All computational work (the computational study of 12 indolo-
carbazole- and urea based large receptor molecules and estimation of 
receptor-glyphosate binding constant values), participated in writing 
the manuscript. 

Paper III:  All computational work (the computational study of preferred con-
formations in solution for 105 small molecules), primary author of 
the manuscript. 

Paper IV:  All computational work – the computational study of 15 receptor 
molecules and their complexes with 5 anions (a total of 75 complexes 
and 15 free receptors), participated in writing the manuscript. 

Paper V:  All Experimental work, application of the component-by-component 
approach (realized via the Kragten method) for the uncertainty 
estimation of ITC experiments, primary author of the manuscript.

 
  



8 

ABBREVIATIONS 

BP 
Calc 
COSMO-RS 
CSM 
DFT 
DMSO 
Exp 
ΔG 
ΔH 
HB 
HBA 
HBD 
IC 
IMHB 
ITC 
ISE 
Kass 
MD 
NMR 
OCE 
SMD 
TZVP 
TZVPD 
UV/Vis 

Becke-Perdew, a class of DFT functionals 
Computationally determined values 
Conductor-like Screening MOdel for Real Solvents 
Continuum solvation model 
Density functional theory 
Dimethyl sulfoxide 
Experimentally determined values  
Reaction free energy 
Reaction enthalpy 
Hydrogen bond 
Hydrogen bond acceptor 
Hydrogen bond donor 
Indolocarbazole 
Intramolecular hydrogen bond 
Isothermal titration calorimetry 
Ion selective electrode 
Association constant of a host-guest complexation reaction 
Molecular dynamics 
Nuclear magnetic resonance spectroscopy 
Outlying charge error 
Solvation Model based on Density 
Valence triple-zeta polarization (basis set) 
Valence triple-zeta polarization with diffuse functions (basis set) 
Ultraviolet-visible 

 
 
 
  



9 

INTRODUCTION 

The field of supramolecular chemistry and its subfield – host-guest binding of 
ions by receptor molecules – have undergone rapid growth in the past few 
decades. Many different receptor molecules have been designed, synthesized 
and investigated by a large number of research groups for the binding of mole-
cules and ions.1 Receptor molecules are finding applications in a number of 
fields, for example safety screening and environmental protection, pharma-
ceutical industry (drug formulation and delivery) and biomedical analysis.2–5 
Anion receptor chemistry has found applications in catalysis, extraction of 
components in samples and as a drug transport system for medicine.1 Receptors 
and receptor array systems are studied with a purpose to create easily portable 
analysis devices that could determine analyte content from the studied samples 
with on-site real-time analysis.6 

The host-guest complex formation occurs through the combination of several 
effects, e.g. hydrogen bond formation (commonly the strongest interaction con-
tributing to complex formation), hydrophobic interactions, sigma hole inter-
actions (electrostatic interaction between the electron-rich parts of the anion and 
the electron-poor areas in the receptor molecule), steric effects etc.7–10 There are 
a number of principles that should be accounted for in receptor design: pre-
organization (free host compound should have similar geometry to the host-
guest complex), cooperativity (multiple binding sites of a receptor can interact 
with each other to enhance binding), complementarity (the geometry of the 
binding sites/cavity size of a receptor should match the size and geometry of the 
guest species).11 

The goal of this work was to study the possibility of investigating anion-
receptor binding in order to help design receptors for a selection of analytically 
important anions, using the COSMO-RS computational method. Emphasis is 
put on the investigation of steric effects and the fit of the receptor and anion 
geometries and their role in receptor-guest binding, as well as probing the limits 
of COSMO-RS in predicting the different aspects of receptor-anion binding 
(geometry, steric effects, strength of binding). The wider purpose of thoroughly 
investigating these effects and the possibilities of their prediction is to construct 
more selective receptors with a higher binding affinity in the future. 

The investigations were carried out in the following parts. 
In work [III], the ability of COSMO-RS approach to correctly predict con-

former stability in solutions was tested by studying 105 small molecules, which 
have experimental information about the relative stability of their conformers in 
different solvent environments published in past studies. The goal of this part of 
the work was to determine whether COSMO-RS can accurately predict the most 
stable conformers of molecules in the chosen solvent environment. 

In work [I], the binding affinities of small indolocarbazole- and urea-based 
receptors towards small monoanions were computationally estimated and the 
predictions compared with experimental data found from literature. Depending 
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on the availability of previously published experimental data for the respective 
receptor molecules, the following anions were studied: F-, Cl-, Br-, I-, HSO4

-, 
PhCOO-, H2PO4

-, NO2
-, NO3

-, TsO-. The aim of work [I] was to check whether 
COSMO-RS can predict the binding affinities (characterized by the association 
constants of the binding reactions) for receptor-anion complexation and predict 
the trends in binding strength when comparing different receptor molecules or 
different anions. 

In work [II], 12 large anion receptor molecules based on indolocarbazole-, 
urea- and biscarbazolyl groups used as binding fragments were investigated for 
their binding affinities toward the glyphosate dianion. This allowed to addi-
tionally test the suitability of the computational method as all experimental 
results for this group of molecules have been measured using a consistent 
methodology and all-important experimental parameters (e.g. the water content 
of the used solvents) are accurately known. Studying similar receptor molecules 
together will also give better understanding on how the binding affinity depends 
on the structure of a receptor molecule. The study investigated the effects of 
receptor structure on the binding affinity for the glyphosate dianion. The pur-
pose is to find out, how the length and rigidity of the receptor structure between 
the binding sites affects the complex formation and to investigate the resulting 
steric effects and their relationship towards the receptor-anion binding affinity. 

In work [IV], a set of macrocyclic anion receptors were researched. Macro-
cyclic receptors often have higher binding affinities; their selectivity may be 
more easily tunable and the preorganization effect of the receptor can be 
achieved more easily. The goal of the computational part of work [IV] was to 
study the effects of macrocycle geometries, structural rigidity and cavity size on 
the binding of a number of carboxylate anions, to find, whether clear trends in 
binding affinity can be identified and tied to the construction of the receptor. 

The second part of the study (work [V]) investigates the applicability of iso-
thermal titration calorimetry (ITC) for measuring the thermodynamic para-
meters – Kass, ΔH – of a binding reaction with low Kass and ΔH values. Low Kass 
and ΔH values are very common in supramolecular chemistry. This work was 
carried out on the basis of a well-known model reaction – the complexation of 
K+ with 18-crown-6. The results of the experimental study were compared with 
data from a number of literature sources. A thorough uncertainty estimation was 
carried out to estimate the accuracy of the experimental predictions and the un-
certainty budget analyzed to determine the dominant contributors to the mea-
surement uncertainty. 
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1. LITERATURE OVERVIEW 

1.1 Supramolecular chemistry 
Supramolecular chemistry as a field is defined as the study of intermolecular 
interactions and binding between molecules, ions and their aggregates through 
interactions other than covalent bond formation. The field involves studies of 
host-guest complex formation and the behavior of macromolecular systems and 
investigates the extent and characterization of different contributors to binding 
strength in various biological or synthetic systems.12,13 

In host-guest chemistry, a receptor is defined as a molecule that can be used 
for detecting the presence of quantity of another molecule or ion from a solu-
tion.11 Interaction between the receptor molecule (the host) and the studied ana-
lyte (the guest) causes a measurable change in the solution properties, which is 
then measured to determine the existence or quantity of the studied guest.13 Many 
different types of interactions can occur simultaneously to achieve complexation. 
These interactions include hydrogen bonding, ion pair formation, hydrophobic 
effect and electrostatic interactions. A number of detection methods are used in 
anion receptor chemistry, for example fluorescence spectroscopy, UV/Vis 
spectroscopy, potentiometry or even naked eye detection.6,14–16 

Selectivity is a very important parameter for the use of receptor molecules. 
Typically, a single receptor molecule is not fully selective to one guest, but can 
bind a number of chemical species with different binding affinities.17 As the 
binding affinity of a receptor towards a specific guest depends on a number of 
different interactions occurring simultaneously, both the selectivity of a receptor 
towards a specific guest and the binding affinity values of receptor-guest 
complex formation tend to not be straightforward to predict.18 

As a way to solve the issue of low receptor selectivity, research is carried out 
about the possibility of using receptor arrays for the simultaneous investigation 
of the behavior of a number of receptor molecules with the same analyte, in 
order to attempt to obtain a selective result from the behavior of the array.19 

 
1.2 Anion receptors 

As most of this study focuses on anion receptors, the literature overview also 
centers the focus on the binding interactions and previous literature studies of 
these receptors. A large variety of molecules have been studied in the past to try 
to find suitable receptor molecules for the detection of various anions.1 Some 
examples of small receptors that primarily bind anions through hydrogen 
bonding interactions include molecules containing pyrrole, indole, indolo-
carbazole, urea and thiourea groups.20–24 



12 

1.3 Types of binding interactions  
in anion-receptor complex formation 

In anion receptor chemistry, a number of different interactions can occur be-
tween the host molecule and the guest that influence the binding affinity. 

Many receptor molecules mainly interact through hydrogen bonding – the 
interaction between a hydrogen bond donor (HBD) group in one species (the 
receptor) and the hydrogen bond acceptor (HBA) group of the other (the anion). 
Hydrogen bonds are highly directional and the strength of the interaction largely 
depends on the bond angle (the typical characteristics are 175–180° bond angle 
for strong hydrogen bond interactions, 130–180° for medium strength hydrogen 
bond interactions and 90–180° for weak hydrogen bond interactions) 25 and the 
distance between the atoms involved in the interaction (the distance of HBD and 
HBA groups is between 1.2...2 Å),25 which makes studying the preferred con-
formations of both the free host molecule and the host-guest complex very im-
portant. As the strength of the hydrogen bond interaction also strongly depends 
on the partial charges on the respective HBD and HBA fragments (higher partial 
charges enhance the strength of the HB), ions tend to form stronger interactions 
than neutral species.25 

Anion receptors are often designed to have multiple HBD sites, which will 
improve the binding strength, as long as the receptor-anion complex geometry 
enables a suitable arrangement of the binding groups for strong HB interactions. 
A receptor may be designed to contain both HBD and HBA sites for the pur-
pose of stabilizing the preferred receptor conformation to a specific spatial 
arrangement through the formation of intramolecular HBs.10 

Solvent effects are important to account for as the number of solvent mole-
cules is very large in solutions compared to the small concentrations of receptor 
and anion. When complex formation requires the removal of a solvation layer of 
solvent molecules, binding becomes energetically less favorable.8,26 Hydration 
of species in solutions plays an important role in binding in water, but even 
when non-aqueous solvents are used, the HBD ability of the solvent or small 
water content in the solvent will influence the strength of host-guest binding. 
The HBA ability of the solvent is also very important, as in such environment 
the solvent molecules will be able to interact with the HBD groups of the 
receptor and compete with the anions in complex formation.7 

Hydrophobic (or more generally, solvophobic) interactions can also have an 
important role in improving the binding affinity for anion receptors.27 For 
example, in solvent environments with a high water content, hydrophobic 
binding pockets may improve the binding abilities of a host compound towards 
anions that have a large hydrocarbon moiety in their structure.28 Receptor mole-
cule designs have been investigated that specifically focus on binding partially 
hydrated anions into hydrophobic receptor cavities.29,30 Additionally, the hydro-
phobic interactions can help with the preorganization of the receptor structure 
and can assist in the binding between certain hosts and guests.31 Hydrophobic 
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interactions can be used to assist on enhancing the receptor selectivity towards 
specific anions based on their hydrophilicity.32 

In some systems, ion pair formation assists in complex formation.33 Electron-
rich host molecules have been designed to bind electron-deficient guests.34 

 
 

1.4 Effects on complexation 
In supramolecular chemistry, a number of effects are discussed when characte-
rizing receptor molecules and their binding properties.11,13 

Co-operativity effects – simultaneous interactions of different binding sites 
of a receptor molecule with the bound guest – may improve the strength and 
selectivity of binding.35 

A large number of past studies focus on the „lock-and-key“ principle – the 
focus on the importance of exact geometrical matching for the receptor and 
guest. According to the principle, receptors should be designed in a way that the 
geometries of receptor and guest would achieve a perfect fit with one another by 
both size and the spatial arrangement of binding groups and anionic center(s). 
However, more recent studies advise that this reasoning may be insufficient to 
predict successful binding.36 For example, in the case of macrocyclic receptors 
with internal cavities, the role of „high-energy“ water in the receptor cavity has 
been found to play a vital role in the binding interactions.26 

Complementarity and preorganization – the principles that the spatial 
arrangement of the receptor’s binding sites should be suitable for the bound 
guest and that the free receptor should have a preferred geometry similar to that 
of the bound complex – help achieve higher binding affinities. These principles 
help guarantee that complex formation is not energetically unfavorable due to 
large-scale reorganization of the receptor structure.13,37 

 
 

1.5 Experimental characterization and studies of binding 
Experimental determination of the association (binding) constant Kass of the 
host-guest binding reaction can be carried out by a many methods (e.g. UV/Vis 
spectroscopy, NMR spectroscopy, fluorescence spectroscopy, potentiometry 
etc.), depending on the properties of the studied receptor and guest.38 

The 1:1 complex formation between receptor R and anionic guest A- can be 
expressed by equation (1): 

 

   
(1)

 
 
The association constant Kass for the reaction is found according to equation (2), 
where a are the activities of the respective species: 

R + A−   ←⎯⎯⎯⎯⎯⎯⎯⎯→
Kass

         RA−  
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𝐾ୟୱୱ = ௔(ୖ୅ష)௔(ୖ)⋅௔(୅ష)      (2)  
 
The reaction standard free energy ΔG is expressed via the free energies of the 
respective species in solution by equation (3): 
 Δ𝐺 = 𝐺(RAି) − 𝐺(R) − 𝐺(Aି)     (3)  
 
The reaction standard free energy ΔG and the association constant Kass are 
related according to equation (4): 
 Δ𝐺 = −𝑅𝑇ln𝐾ୟୱୱ      (4) 
 
Determining the reaction enthalpy and entropy is more difficult than determi-
ning the association constant of a binding reaction. The study of reaction 
enthalpy ΔH is carried out with isothermal titration calorimetry (ITC) or the use 
of the van’t Hoff method. The van’t Hoff method is based on multitemperature 
determination of association constant values and the construction of the van’t 
Hoff curve (lnK vs 1/T) for the determination of thermodynamic parameters of 
the reaction (the lnK values can be determined with ITC or another experi-
mental method). Calorimetric determination may be limited by access to a 
suitable calorimeter, low solubility or availability of the receptor or guest com-
pound, inaccuracies in experimental determination of heat effects for low affini-
ty binding reactions etc.39,40 The van’t Hoff method is commonly considered 
less accurate than ITC.41–46 Various explanations have been suggested for the 
discrepancies between the results determined by van’t Hoff and ITC approaches. 
Some of the possible causes include the possibility of other, hard to quantify 
temperature-dependent interactions simultaneously occurring in the studied 
system (which affect the van’t Hoff approach but not direct ITC determination); 
inaccuracies in the mathematical models used for the data treatment or other 
measurement uncertainty sources.41–46 

For studying low binding affinity systems with ITC experiments, the choice 
of suitable experimental parameters is very important. A very common method 
for the data treatment of ITC experiments is based on the Wiseman isotherm, 
the shape of which can be characterized by the Wiseman „c“ parameter.47 This 
parameter is calculated from the reaction stoichiometry coefficient n, the 
receptor cell concentration Mt and the association constant Kass according to 
equation (5): 

 𝑐 = n𝑀୲𝐾ୟୱୱ      (5) 
 
Ideally, the „c“ parameter value should be between 5(10) and 100 (different 
sources quote different values).47–49 With low „c“ parameter values (c < 1), the 
shape of the titration curve loses some defining characteristics and finding the 
reaction parameters from the curve will be associated with higher uncertainty. 
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Some past studies have suggested that with careful experimental planning, low 
„c“ value experiments („c“ value between 0.01–1) can be used to obtain suffi-
ciently accurate results, when certain requirements are met.40,50,51 Ideally, 
experiments should be planned so that the majority of receptor has been bound 
to complex by the end of the titration.50 This can be difficult to achieve for low 
binding affinity systems as the solubility or usable maximum concentrations of 
the receptor or guest may be limited and thus it is not always possible to achieve 
a „c“ value above 1 and near-complete receptor complexation at the end of the 
experiment. 
 
 

1.6 Computational studies of binding 
The binding affinities can be expressed by association constant Kass values, 
which are calculated from the computational estimates of free energies of the 
receptor, guest and receptor-guest complex in the chosen solvent environment 
(equations (3) and (4)). While computational studies of chemical species under 
vacuum (gas phase) conditions can generally make quite accurate predictions, 
carrying out computational investigations in solutions is more complex.  

There are a number of reasons why computing the equilibrium of anion-
receptor binding (i.e. binding affinity) in solution is not a simple computational 
task.38,52 In a solvent environment, a large variety of constantly changing inter-
actions with other molecules and ions (solvent molecules, impurities, molecules 
of the compounds of interest) take place that affect the behavior of a chemical 
species. As a result, the modelling of solvent behavior is complex and compu-
tationally resource intensive. 

Some computational approaches (e.g. molecular dynamics simulations) 
either use a high level of simplification in the approach or have a very high 
computational resource cost, which can be a limiting factor in their applica-
tion.53 In order to make the computational resource costs feasible for practical 
applications, often semi-empirical methods (the computations are simplified, 
and some approximations are made in the computational approach based on ex-
perimental data) are applied for the modelling of solvent environments. The 
choice of a method to use can be limited by the choice of solvent – certain 
computational methods (e.g. continuum solvation models such as the widely 
used SMD approach) are parametrized with the physical parameters of the used 
solvent environments and may not be applicable to all solvent environments.54 

Correct computational predictions require the correct estimation of all inter-
actions that may influence binding. Accurately computationally describing sol-
vent effects, HB interactions, coordinative effects and certain long-range inter-
actions can be difficult. The study of anionic species and their interactions is 
more difficult than the study of neutral molecules as the increased charge densi-
ties will affect the interactions between different species in the solvent environ-
ment and may multiply or introduce new errors to the predictions.38,55 For 
example, one computational error that is more prominent in the study of anions 
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is the outlying charge error (OCE). It is caused by a part of the electron density 
being allocated outside the molecular cavity during the computations, which 
causes misestimation of the molecular charge and local electron densities.56  

One computational method with a number of useful characteristics is 
COSMO-RS (COnductor-like Screening MOdel for Real Solvents).57 The 
working principle of the COSMO-RS computational method involves two steps. 

The first step of the method is a modification of continuum solvation models 
(CSMs). This step applies the dispersion-corrected density functional theory 
(DFT) approach on molecules in an ideal conductor (the model assumes that the 
molecules are suspended in a conductor environment of ε = ∞). From the calcu-
lations, the total energy, electron density and polarization charge densities on 
the surface of the studied molecule are predicted in a virtual conductor. This 
step also yields the optimized molecular geometry.57 

The second step takes into account interactions between real molecules, by 
studying pairwise interactions of charged molecular surface segments. The aim 
of the step-by-step simulation of pairwise molecular contacts is to move from a 
system where the molecules are separate and placed in a virtual conductor, to a 
system resembling the closely packed liquid environment.57 

In the COSMO-RS approach, for characterizing the interactions between the 
chemical species in the solution, all species (solute molecules, solvent mole-
cules, any impurities) are treated similarly. All types of interactions (hydrogen 
bonding, van der Waals forces, electrostatic interactions etc.) are taken into 
account between all species in the solution.57 

The strengths/advantages of the COSMO-RS computational method are (1) 
the ability to study multicomponent solutions with a large variance in com-
pound concentrations (i.e. not limited to dilute solutions), (2) the possibility to 
account for temperature effects, (3) that parametrization of the method is not 
fixed to any specific solvent (i.e. any molecules can be used as solvent mole-
cules) and (4) that the calculation is computationally highly efficient.58 This 
means that multicomponent solutions can be studied with the method, which is 
very important as this is very commonly the case for experimental studies 
conducted on anion-receptor binding.59,60 In addition, a correction factor for 
OCE (a common computational error especially prominent in the study of 
anions) is applied in COSMO(-RS) approach and the COSMO algorithm is 
considered to be less sensitive to OCEs than some other continuum solvation 
models.56,61 

The advantages 1 and 3 are important in comparison with a number of sol-
vation methods that enable computations only in infinitely dilute solutions in 
predefined solvents, such as the widely used SMD approach.54 A 2015 summary 
paper considers COSMO(-RS) a reliable method with which high overall accu-
racy is achievable for the study of chemical potentials of molecules in solvent 
environments.62 On the other hand, advantage 4 makes COSMO-RS usable for 
large molecules, differently from some really high computational quality 
methods, such as ab initio molecular dynamics.63 
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The weaknesses of the method are extensive parametrization and the use of a 
simplified approach to account for intermolecular interactions. Moreover, the 
parametrization is updated regularly and thus, the results of COSMO-RS com-
putations differ depending on which parametrization was used. While there can 
be notable changes in the absolute values of the predictions, relative values re-
main similar between different parametrizations (as also demonstrated below).64 
As the method describes intermolecular interactions through the pairwise inter-
actions of surface segments of the interacting species, some of the steric effects 
of molecular interactions may be not accounted for completely and the method 
is unable to account for some long-range interactions between molecules.61,65 It 
has also been suggested that the method may have problems with describing 
long-range sterically dependent interactions that are strongly affected by 
solvation. This can cause problems in the study of systems with multiple inter- 
and intramolecular hydrogen bond interactions – when numerous interactions 
occur simultaneously between different parts of two chemical species or when 
the existence of one HB depends on the existence or lack of another HB inter-
action, this can be difficult to computationally predict.65 

On the basis of the balance of the above listed strengths and weaknesses, the 
COSMO-RS computational method was chosen for this work. 
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2. EXPERIMENTS AND COMPUTATIONS 

2.1 Computational parameters 
The DFT calculations were carried out using the program Turbomole v.6.2 
(work [I]), v.6.4 (work [II]), v 6.5 (work [III] and work [IV]).66–69 Geometry opti-
mization was carried out using the Becke-Perdew functional.70,71 The following 
parameters were used: TZVP (triple zeta valence with polarization functions) 
basis set, wave function convergence criteria: max difference 10-6 Hartree, geo-
metry convergence: max gradient |dE/dxyz| 10-3 Hartree Bohr-1. 

For studying the applicability of the COSMO-RS method for the prediction 
of most stable conformers of small molecules (work [III]), stricter criteria were 
applied: Becke-Perdew functional, TZVP basis set, wave function convergence 
criteria: max difference 10-7 Hartree, geometry convergence: max gradient 
|dE/dxyz| 10-4 Hartree Bohr-1. 

The initial geometries were chosen by estimating the possible geometric 
orientation of the flexible groups in the molecule and investigating how the 
different flexible parts of the molecule could be oriented towards one another. A 
large number of initial geometries (up to around 20 for the more complex 
structures) were given to the computational software as input for the DFT calcu-
lations and geometry optimization. As no limits were set for the movement of 
atoms during the geometry optimization, at times, the optimized geometries 
were often quite different from the initial starting geometries. The optimized 
geometries were then studied to find and omit duplicates of very similar (es-
sentially identical) geometries and the set of obtained unique conformers used 
for the COSMO-RS calculations. It must be noted that while the initial treat-
ment of conformers studied a large number of geometries, commonly the 
COSMO-RS approach estimates that only 1–3 of the most stable conformers 
exist in the solvent environment. However, it is vital that these most stable co-
nformers have been found and submitted to the program for the computational 
predictions to be accurate. For this reason, a thorough investigation into pos-
sible conformers is very important. The handling of conformers in the COSMO-
RS approach using COSMOtherm is described in work [III]. 
 
For works [I] to [IV], the newest (at that time) version of the program 
COSMOtherm was used with the following parametrizations: 
BP_TZVP_C30_1201 in work [I]; BP_TZVP_C30_1401 in work [II]; 
BP_TZVP_C30_1701 in work [III]; BP_TZVP_C19 in work [IV]. 

For work [III], all calculations were also carried out at the 
BP_TZVPD_FINE computational level to test whether the predictions remain 
the same. Overall, large differences were not noted, except for the case of one 
molecule, where the order of conformer stability was in fact predicted 
incorrectly by BP_TZVPD_FINE. Thus, the BP_TZVP was found suitable for 
the study of small molecules. 
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A 2011 study that investigated the effects of using different basis sets in the 
COSMO-RS method for the calculation of affinity coefficients noted that at 
least valence double-beta basis set is necessary but using larger basis sets did 
not show advantages.72 

 

 
2.2 Experimental parameters 

ITC measurements were carried out with a MicroCal iTC200 unit at the Univer-
sity of Tartu Institute of Technology. The full experimental details are presented 
in work [V] and its SI. A brief description is provided here. All experiments 
were conducted at 298 K. 200.6 μl of 18-crown-6-ether solution with the 
concentration of 0.005M of was loaded into the calorimetric cell and KCl 
solutions of 0.1 to 0.05 M were added in 19 steps of 2 µl during the titration. An 
initial injection of 0.2 µl was made to account for the effects of diffusion of 
titrant into the cell during initial thermal equilibration and the corresponding 
data point later removed prior to data analysis. Separate experiments were 
carried out to account for the effects of heat of dilution and the determined heats 
of dilution were subtracted from the titration experiment prior to data treatment. 
Data treatment was carried out using MS Excel and a Python script. The Python 
script used for this work was originally created by Dr Lauri Sikk. The present 
author later modified and tested different mathematical models for determining 
the active concentrations and heat effects. 

The scheme of the typical ITC experiment is presented at Scheme 1. [V, SI] 
 

 
Scheme 1. ITC titration experiment. 
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MicroCal iTC200 is a perfusion instrument and uses the following approach to 
treat the estimation of volume and concentration effects and the calculation of 
total heat effects of the studied reaction:  
• The instrument uses a preset „active volume“. The heat effects of reaction 

happening inside the active volume are fully visible for the instrument. For 
the MicroCal iTC200 instrument, the active volume V0 = 200.6 μl. 

• During the experiment, at each injection, a set volume is injected to the 
active volume of the instrument and the same amount of the solution of the 
composition after the previous injection is pushed out into the overflow area 
above the calorimetric cell compartment. 

• The total heat effect is calculated from equation (6), where Qtot is the total 
heat effect of the binding reaction, n is the reaction stoichiometry, Mt is the 
active concentration of the cell compound, ΔH is the reaction enthalpy, V0 is 
the active volume, Xt is the active concentration of titrant, and Kass is the 
association constant of the binding reaction.73 

 𝑄୲୭୲ = ௡ெ౪୼ு௏బଶ ቈ1 + ௑౪௡ெ౪ + ଵ௡௄౗౩౩ெ౪ − ටቀ1 + ௑౪௡ெ౪ + ଵ௡௄౗౩౩ெ౪ቁଶ − ସ௑౪௡ெ౪቉ (6)  
 

• However, as the solution in the overflow compartment also has a small effect 
on the measurable heat, equation (7) is used to account for this. The middle 
term of the equation characterizes the effect of the solution in the overflow 
area. In equation (7), vi is the volume of injection i, V0 is the active volume 
of the instrument and Q(i) is the uncorrected total measurable heat up to 
injection i.73 

 Δ𝑄(i) = 𝑄(i) + ௩౟௏బ ቂொ(୧)ାொ(୧ିଵ)ଶ ቃ − 𝑄(i − 1)    (7) 
 

• In order to estimate the active concentrations of the receptor and cation 
during the experiment, equations (8) and (9) are used. Xt0 and Mt0 are the 
initial concentrations of compounds in the calorimeter cell (host) and the 
syringe (guest), Vtot i is the total injection volume at the current point of the 
experiment and V0 is the active volume of the instrument. Equation (10) is 
used to calculate the initial guest concentration Xt0 from initial solution 
concentration in the syringe csyr.

73 
 𝑀୲ = 𝑀୲଴ ൥ଵିೇ౪౥౪౟మೇబଵାೇ౪౥౪౟మೇబ ൩       (8) 

 𝑋୲ = 𝑋୲଴ ൥ ଵଵାೇ౪౥౪౟మೇబ ൩       (9) 

 
  𝑋୲଴ = 𝑐ୱ୷୰ ቂ௏୲୭୲౟௏బ ቃ       (10) 
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3. RESULTS AND DISCUSSION 

I Computational study of anion-receptor binding 

3.1 Studying the usability of the COSMO-RS method 

3.1.1 Studying small molecules and anions with COSMO-RS 

In order to start computational investigation of receptor-anion binding, the 
suitability of the COSMO-RS method for this purpose (studying complex geo-
metries, correctly estimating the most stable conformers in a chosen solvent en-
vironment, computationally estimating the binding strength between receptors 
and anions) was tested. 

In work [I], simple indolocarbazole-, pyrrole- and urea- based receptor mole-
cules were studied for binding small monoanions (e.g. Cl-, F-, Br-, HSO4

-, 
H2PO4

- and PhCOO-). The most stable conformers were determined, and the 
geometries of the complexes studied by COSMO-RS. The computational esti-
mates for the free energies were determined for the anion, free receptor and the 
receptor-anion complex in the chosen solvent environment and equations (3) 
and (4) were used to find the computational estimates of binding constant 
values, which were then compared to previously published experimental results 
from a number of research groups.17,22,23,74–77 

Table 1 presents the comparison of the computational predictions obtained 
by the COSMO-RS approach and the experimental logKass values taken from 
ref. 22. 
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The results in Table 1 show that the COSMO-RS method cannot be used to 
satisfactorily predict the absolute values of binding constants for anion-receptor 
binding. All investigated binding constant values are overestimated by a large 
margin, but an extreme discrepancy between experimental values and computa-
tional predictions occurs for F- complexes. This could be attributed to the pro-
perties of the fluoride anion and the limitations of the COSMO-RS method in 
predicting the behavior of small anions with a highly localized charge.57 Similar 
results to those presented in Table 1 were observed for predicting the binding 
for other receptor molecules studied in work [I]. 

When looking at the ability of the COSMO-RS method to predict trends in 
binding (whether one receptor binds one anion better than the others, or whether 
one anion is bound better by one receptor than the others), these trends are 
largely reproduced in the computational predictions. However, this was not the 
case for every anion, especially not in the case of the F- anion. 

The results of work [I] indicate that while COSMO-RS cannot accurately 
predict the absolute values of binding constants of anion-receptor binding, it can 
make some tentative predictions about the trends occurring in binding when 
comparing a number of receptors or guests. 

After investigating the geometries of the studied small receptor molecules, 
urea-, indole-, carbazole- and indolocarbazole fragments were chosen as suitab-
le building blocks for receptor candidates for further study in anion receptor 
design. 

 
 

3.1.2 The effects of parametrization choice and the estimation 
of solvent water content to the computational predictions 

The input parameters used for the application of the COSMO-RS method may 
influence the obtained computational predictions. Two important parameters are 
choosing the parametrization that is used by the program and applying accurate 
estimation of water content to the nonaqueous solvent environment used in the 
calculations. As the conclusions of work [I] determine that the absolute binding 
constant values are highly overestimated, it was checked that these misestima-
tions are not caused by the choice of a specific COSMO-RS parametrization or 
by the misestimation of water content in the studied solvent environment. 
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From Table 2, it can be seen that no matter which parametrization is chosen, the 
predictions of absolute values of the binding constants differ greatly from the 
experimental values (Table 1), as well as (although to a lesser extent) between 
parametrizations, but at the same time, the relative changes are similar, which 
indicates that the choice of parametrization does not have a notable effect on 
changing the accuracy of the predictions, as all the predictions are highly ap-
proximate in any case. In 2011, a special parametrization was released to im-
prove the predictions for hydrogen bond interactions. While the use of this para-
metrization lowers the overestimation of F- binding affinity slightly, it does not 
improve the accuracy of other predictions. In 2018, some changes were made in 
the COSMO-RS method related to the base parameters used to estimate the 
chemical potential of compounds in the solvent environment.78 From that year 
on, computational predictions of anion-receptor binding constant values yield 
logKass values increased by around 4–5 logK units (the misestimation of 
absolute binding constants increased), but the relative differences (the trends in 
the predictions) remain similar. 

From 2012–2020, COSMO-RS allows to use a computational level im-
proved from BP_TZVP: BP_TZVPD_FINE. The binding affinity of RM1 and 
Cl- was studied with this computational level and the respective yearly para-
metrizations, the results are shown in Table 3. 
 
 
Table 3. Comparison of using BP_TZVP and BP_TZVPD_FINE computational levels 
for the prediction of logKass values for indolocarbazole (RM1)-Cl- complex.a 

Solvent: Acetone,  
50 ppm H2O 2012 2013 2014 2015 2016 2017 2018 2019 2020 
logKass; BP_TZVP 8.1 8.0 8.3 8.4 8.4 8.6 12.7 12.9 12.9 
logKass; P_TZVPD_FINE 6.1 5.7 6.7 6.5 6.2 8.0 11.8 15.9 15.9 

alogKass_exp = 4.522 
 
 
It can be seen from Table 3 that while the predicted binding constant values are 
different for BP_TZVP and BP_TZVPD_FINE, neither computational level 
yields accurate predictions for the absolute binding constant values. The larger 
overestimation occurring from 2018 onwards for the BP_TZVP computational 
level also occurs in the BP_TZVPD_FINE level. As using the 
BP_TZVPD_FINE computational level takes more computational resources, 
but it does not yield higher accuracy of the predictions, the computations in 
future work were carried out using the BP_TZVP computational level. 

It is also vital to correctly account for the water content in non-aqueous 
solvents, as even low water content in the solvent can strongly influence the 
strength of receptor-anion binding. Table 4 shows the effect of water content of 
acetone solvent on the computational binding constant estimates for the anion 
complexes of receptor RM1 (Parametrization: BP_TZVP_C30_1201). 
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Table 4. The effect of solvent water content on anion binding by receptor RM1. 

Solvent: 
Acetone 

Computational logKass values at different water contents: 

Exp. 
logKass 
values22 

0 ppm 50 ppm 500 ppm 5000 ppm 50000 ppm 

(water 
content 

unknown) 
logKass, PhCOO- 11.6 11.5 11.1 9.7 6.7 5.3 
logKass, Cl- 8.1 8.1 8.0 7.6 5.5 4.5 
logKass, F- 24.8 24.0 20.9 15.9 11.7 4.7 
logKass, H2PO4

- 10.3 10.3 10.3 10.1 8.9 4.9 
logKass, HSO4

- 5.2 5.2 5.2 5.2 4.7 low 
 
 

The predicted logK values in Table 4 indicate that low water content in the 
solvent does not cause notable changes in anion binding strength for receptor 
RM1 in acetone. High solvent water content, however, has a notable effect on 
the predicted binding affinities. 
 

 
3.1.3 Conformer stability in solution environment 

To test, whether COSMO-RS as a method can correctly predict the most stable 
conformer in solvent environments, in work [III], the conformer stability of 105 
small molecules in different solvents was investigated with COSMO-RS. The 
computational results were compared with experimental results from 20 litera-
ture sources.79–98 

Accurate computational estimation conformer weights, especially, correctly 
recognizing the most stable conformer(s), is very important as it is necessary for 
correctly predicting free energies of species in the studied environment. The com-
putational predictions of conformer stability strongly depend on the number of 
identified potential conformations submitted to the computational investigation. A 
computational method cannot predict the stability of a conformer that has not 
been recognized and submitted for calculation; but submitting too large number 
of conformers can also cause the misestimation of conformer weights. For large 
receptor molecules, especially if the molecular structure includes long and 
flexible groups, the conformer treatment is a complex and time-consuming task.52 
 

Molecules for this study were chosen by these criteria: 
• Well-defined conformational geometries exist for the molecule. 
• Experimental data has been published that sufficiently describes the geo-

metries of the most stable conformers of the molecule in the chosen solvent 
environment. 

• The literature sources give enough information about the experimental 
conditions of the investigation of conformer stability (temperature, solvent 
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composition), so that it is possible to replicate these conditions in calcula-
tions. 

 
Some examples follow. 

In a set of 6 thiosemicarbazone molecules (Scheme 2), all have one intra-
molecular hydrogen bond in their preferred conformation, according to the 
experiments.88,89 This was correctly predicted also by the computational study. 
The most stable conformers are shown on Scheme 2, the location of HB 
interactions is noted with purple lines. 

In the case of two aldehyde molecules (RM11 and RM12, Scheme 3), 
COSMO-RS correctly (i.e. in accordance with experiments) predicted the pre-
ferred location of intramolecular HBs in the molecules, in which multiple possi-
bilities for intramolecular HB formation exist.87 The two possible HB locations 
are shown in Scheme 3. The most stable conformers are noted by green borders 
around the images and HB interactions are noted with purple lines. 
 

 

 
   

Scheme 2. Preferred conformations of thiosemicarbazone molecules RM5-RM10. 
Experimental data from ref. 88,89.   
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Scheme 3. Predicting the preferred HB formation inside a molecule (RM11 and RM12). 
Experimental data from ref. 87. 
 
The results of work (III) showed that in the large majority of cases (103 out of 
105), COSMO-RS predicted the dominant conformer, as well as existence and 
location of intramolecular hydrogen bond interactions inside molecules (when 
these occurred), correctly. On one occasion, the complete match between the 
computationally and experimentally determined stable conformer geometries 
could not be confirmed as the conformation of certain flexible side groups in the 
molecule was not described in the respective literature source. For another 
molecule, a problem arose with the geometry optimization at the DFT level of 
computations – the conformer described in the experimental study could not be 
reproduced computationally. 

It is important to note that while the COSMO-RS method can generally 
predict the most stable conformer in the chosen environment accurately, the 
results of work [III] indicate that the method cannot accurately predict the exact 
numerical conformer weights. As the prediction of the ratio of conformers is 
very sensitive to the difference of Gibbs free energies between conformers, even 
a small change in the Gibbs free energies can cause large misestimations of 
conformer weights. 

Overall, it can be concluded that for the study of small molecules, COSMO-
RS method can in the majority of cases correctly predict the most stable con-
former in a chosen solvent environment. 
 
 

3.2 Computational receptor design 
Works [II] and [IV] investigate the design and characterization of anion-selec-
tive receptors composed of the building blocks of the small receptors studied in 
work [I]. COSMO-RS calculations were used to determine the computational 
geometries of the most stable complexes in a chosen solvent environment (some 
examples are shown in Scheme 4) and to find out whether at least the order of 
binding affinities can be determined with this method. 
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Scheme 4. Geometries of the most stable conformers of RM13, RM14, RM15, RM16, 
RM17, RM18 and the respective Gly2- complexes in solution (receptors 2,4,6,8,16 and 
17 in work [II] respectively). 
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3.2.1 Indolocarbazole-, carbazole- and  
urea-based receptors and effects of linker fragments 

The purpose of the work [II] was to investigate the possibility of connecting 
several small anion receptor moieties together via a suitable linker fragment and 
to investigate how the use of various linker fragments of different lengths and 
rigidities would affect the strength of binding dianions. Altogether 12 larger 
receptors mostly based on the indolocarbazole moiety (and some on urea and 
carbazole fragments) used as binding groups and different connecting linker 
fragments are studied.  

The focus of the receptor design was to create a receptor that is able to bind 
the glyphosate dianion (Gly2-, the most stable form of glyphosate at neutral pH, 
Scheme 5). 

Glyphosate (N-phosphonomethylglycine) is widely used as an active ingre-
dient in herbicides around the world (commonly known under the commercial 
name Roundup).99 The molecule is an amino acid that dissociates in three steps 
in aqueous solution and can take different forms depending on the pH of the 
solvent environment (see Scheme 5).100 

 
 

 
 

Scheme 5: Glyphosate in solution at different pH values.100 

 

 
Scheme 6. Preferred geometry of Gly2- anion in solution. 
 
 
In a neutral environment, the majority of glyphosate will be predominantly in 
the dianionic form, Gly2-. In order to selectively bind Gly2-, the following 
characteristics of this dianion are important for designing a suitable receptor 
molecule candidate: 
• The anionic centers of glyphosate are similar to acetate and alkylphospho-

nate anions (RPO3
2-). Ideally, both anionic centers of glyphosate should be 

able to form multiple hydrogen bonds with the receptor. The binding groups 
of the receptor should have suitable geometry to allow strong hydrogen bond 
interactions to occur. 
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• The glyphosate dianion is not planar in its preferred conformation. Investiga-
tion of the preferred conformation of the glyphosate dianion in solution 
(Scheme 6) indicates that the plane of the oxygen atoms of the phosphonate 
group and the O-C-O plane of the carboxylate group intersect under a 90° 
angle and none of the three O-P-O planes are aligned with the O-C-O plane. 
This indicates that glyphosate may be able to bind better to receptors where 
the binding groups of the receptor are also not aligned in the same plane with 
one another. This can cause problems for the indolocarbazole-based receptor 
candidates as the indolocarbazole-small linker fragment-indolocarbazole 
structure tends to yield molecules with quite planar preferred geometries 
(e.g. Scheme 4, RM15). 

• To avoid large energy penalties, the free receptor molecule should have a pre-
ferred conformation similar to the geometry of the receptor-Gly2- complex 
(suitable receptor preorganization). 

 
For the majority of the designed receptor candidates in work [II], indolocarba-
zole fragments were used as binding groups. The main reason for this is the 
rigidity of the indolocarbazole fragment and the suitability of the spatial 
arrangement of the N-H donor sites for both carboxylate and phosphonate 
moieties. Choice of a rigid binding fragment allows to study the contribution of 
the length and flexibility of the linker group used to connect the binding frag-
ments in the structure of the receptor. The purpose of using two binding frag-
ments in the receptor structure was to attempt to bind the glyphosate dianion 
from both of its anionic centers (an example is shown on Scheme 4 with RM13, 
RM14, RM15 and RM16 glyphosate complexes) but at the same time to use 
relatively simple receptors. Two additional receptors based on urea and carba-
zole fragments, initially introduced in a 2013 paper by Sanchez et al101 (RM17 
and RM18, Scheme 4) were also studied in this work. These receptors differed 
from the binding group-linker-binding group structure used in the design of the 
other receptors, and instead had a larger number of binding groups and no clear 
linker fragments in the receptor. As these receptors have a more complex struc-
ture and the glyphosate anion has a large number of binding groups to poten-
tially interact with, it was studied how the Gly2- anion would bind to a receptor 
of this type. 

However, the results of this study show that this type of receptor design and 
prediction of binding is more complex than initially estimated and the binding 
affinities are not well predictable from the structure of the receptor. The compu-
tational receptor-glyphosate binding constant values are presented in Table 5 
with experimental values (not measured by the author) for comparison. 
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Table 5. Experimental and computational logKass values for five receptor-glyphosate 
complexes [II]. 

Solvent:  logKass RM13 RM14 RM15 RM16 RM17 RM18 
DMSO, 0.5% 
H2O 

Exp. 5.1 5.9 3.6 4.7 4.8 higha 
Calc. 18.6 13.3 17.5 21.2 22.0 23.3 

DMSO, 10% 
H2O 

Exp. 4.0 4.1 2.7 3.3 3.0 5.5 
Calc. 11.7 6.7 10.0 14.4 13.4 14.8 

aThe value was too high for experimental determination. 
 
 
When looking at the values presented in Table 5, it can again be clearly seen 
that the COSMO-RS method cannot be used for the quantification of binding 
strength – not only are the binding constants overestimated by a large margin, 
but for this group of receptors the method also has failed to determine the 
binding order of the receptors. 

Spectacularly, when comparing the experimental and computational values 
and trends in binding, receptor RM14 – having the second highest experimental 
binding affinity towards glyphosate – is suggested to be the weakest binder by 
COMSO-RS. This indicates that the approach has serious difficulties in pre-
dicting the behavior of host-guest complexes in complex situations with ionic 
centers, multiple hydrogen bonding sites and steric strain occurring inside the 
receptor. 

When the linker fragment is rigid and the distance between the two IC 
binding groups is small, the glyphosate dianion does not fit inside the preferred 
conformation of the free receptor. In such cases, it is possible that in the pre-
ferred conformation of the formed receptor-anion complex, the glyphosate 
dianion is only bound into the complex via the phosphonate center. However, 
this type of complexation (e.g. with RM14) did not cause a comparative de-
crease in binding affinity, presumably because the anionic charge is largely 
concentrated on the phosphonate moiety. In fact, experimental logKass values 
shown in Table 5 indicate that RM14 has the second highest (after RM18) 
experimental binding affinity (logKexp = 5.9) out of RM13 to RM18. As the 
geometry of the receptor in the complex allows both indolocarbazole binding 
groups and the HBD groups of the amide-based linker to form multiple hydro-
gen bond interactions with the phosphonate end of the glyphosate dianion, this 
receptor proved to exhibit the strongest binding affinity toward glyphosate out 
of all studied indolocarbazole-based receptors: its experimental logKass value 
was 0.8–2.3 logK units higher than the other indolocarbazole-based receptors. 
Meanwhile, receptor RM15, which has a suitable distance between the indolo-
carbazole binding groups to allow the glyphosate dianion to fit between the 
binding groups and be bound from both anionic centers, exhibited the lowest 
binding affinity out of the studied receptors. This can tentatively be attributed to 
steric strain occurring inside the glyphosate dianion as the structure of the 
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receptor molecule is relatively planar in comparison to the preferred structure of 
glyphosate in its dianionic form (Scheme 6). 

When a long and flexible linker fragment is used in the receptor structure 
(e.g. RM16 in Scheme 4), the free receptor has a large number of conforma-
tional choices, which introduces a large entropy penalty upon complex forma-
tion due to the large number of possible conformations in the free receptor. This 
means that the use of very long linkers may not be optimal even when it would 
seemingly allow the binding groups of the receptor to orient more suitably for 
the anionic centers of glyphosate in the receptor-anion complex. The experi-
mental data from Table 5 indicates that receptor RM16 does not have a high 
binding affinity toward glyphosate compared to receptors RM13-RM15. 

Work (II) also investigated two larger urea-based receptor structures: RM17 
and RM18 (Scheme 4) that were initially proposed in ref 101. They differ by 
their structures from the other receptors studied in work [II] as they lack clearly 
distinguishable linker groups and binding groups and have a large number of 
HBD groups in their structure. While these receptors bind glyphosate only by 
the phosphonate group, the configuration of hydrogen bonds (especially in the 
case of receptor RM18, where it is likely caused by the attraction of the 
naphthalene groups at the ends of the molecule closing the receptor into a 
cavity-like structure), is very suitable for the geometry of the phosphonate 
group, allowing a total of 8 hydrogen bond interactions to form between the 
receptor and anion. Among the studied 12 receptor candidates in work [II], 
receptor RM18 was found to bind glyphosate the strongest. 

When designing a receptor that contains both HBD and HBA groups, the 
possibility of intramolecular hydrogen bond (IMHB) interactions in the free 
receptor is important. Depending on the receptor structure, this can help or 
hinder binding, depending on the receptor geometry caused by the intramole-
cular HB interaction. When IMHB formation causes the free receptor to have a 
different geometry than that of the receptor-anion complex, or when the intra-
molecular HB involves a NH group important for binding the anion, the effects 
on binding affinity are negative. If the formation of IMHBs causes receptor 
preorganization to a geometry similar to that of the bound receptor, it may even 
enhance the binding strength. IMHB is present in the unbound receptors RM14, 
RM17 and RM18. RM14 and RM18 are among the best binders for Gly2-, thus, 
in this case, IMHB has not had a strong negative effect on the binding ability. 
 
It is important to note that the binding strength of receptor-glyphosate com-
plexes also strongly depends on the surrounding solvent environment. Experi-
mental study of these receptors by our group in work [II] showed that at higher 
solvent water content, the binding affinity of these receptors for glyphosate 
decreases markedly. This is caused by solvent effects – the preferential solva-
tion of the receptor and especially anion with by water molecules, which stabi-
lizes the free anion as opposed to the bound anion. This decrease of binding 
affinity is at least at qualitative level reproduced by COSMO-RS calculations 
(Table 5). 
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These are the main conclusions that can be drawn from work [II]: 
• The relationship between linker length, linker rigidity and binding strength is 

not clear and cannot be computationally predicted by COSMO-RS. How-
ever, the choice of the linker fragment in the receptor does have a large 
effect on the strength of binding. 

• Amide-based linker fragments may enhance binding strength through co-
operativity effects, via additional hydrogen bonds. 

• When the anion of interest has multiple anionic centers, steric compatibility 
between the anionic centers and the binding groups of the receptor is very 
important. If the receptor structure is very rigid, the anion may only be 
bound by one of its anionic centers when this results in less steric strain in 
the formed complex and a sufficient number of HB interactions. 

• The binding affinity can be enhanced by interactions other than hydrogen 
bonding. For example, in some cases (e.g. RM17), the (solvophobic) inter-
action between the two naphthalene groups in the molecule helps with 
receptor preorganization. 

• The geometry of the free guest is very important as well. For the glyphosate 
dianion, the two anionic centers are arranged almost perpendicularly to each 
other, which makes the indolocarbazole-linker-indolocarbazole structure less 
ideal for binding due to steric strain. 

• In order to efficiently bind Gly2- by both anionic centers, more complex 
receptors are most probably needed than the ones used here. 

 
 

3.2.2 Moving towards selective carboxylate receptor design 

In a 2015 study by our group, a large number of indolocarbazole-, urea-, indole-, 
carbazole-, thiourea- and amide- based anion receptors were experimentally and 
computationally studied in DMSO (with 0.5% H2O) to investigate the binding 
affinities toward lactate, benzoate, acetate and pivalate.59 The study determined 
that the binding affinity largely depends on the basicity and size of the anion 
and the strength of anion-receptor binding generally followed the same order 
(lactate < benzoate < acetate < pivalate). This is caused by the hydrogen 
bonding interactions, which are largely responsible for the complex formation 
between these receptors and anions. As hydrogen bonds are strongly directional, 
it is important to account for the preferred geometries of the receptor and anion, 
and the complementarity of the geometries of the anion and the binding groups 
in the receptor.59 

In 2017, another study of 22 acyclic urea-, carbazole- and indolocarbazole-
based receptors investigated the binding affinity towards 11 monocarboxylate 
anions.60 The conclusions of the study were largely similar to those of ref. 59. 

For both the 2015 and the 2017 studies, all receptor-anion geometries were 
also studied computationally with the COSMO-RS method. Investigation of the 
complex geometries indicated that receptors based on carbazolylurea fragments 
can be constructed with a good spatial fit of the HB donor groups towards 



35 

carboxylate anions. These types of receptors and their carboxylate binding abili-
ties have been studied in work [IV] and summarized in the following sections. 
 
 

3.2.3 Macrocyclic receptors 

Work [IV] focuses on developing and studying macrocyclic receptors for the 
creation and characterization of carboxylate sensing solid-contact ion-selective 
electrodes (ISEs) that could be used for the determination of carboxylate anions. 
The first step of this work is choosing suitable receptor design. Computations 
were used for the prediction of steric effects and in determining suitable fit 
between macrocyclic receptor cavities and the anions of interest – formate, 
acetate, lactate, benzoate and pivalate. 

A total of 15 receptors based on the biscarbazolylurea moiety (and similar in 
structure of receptors RM17 and RM18 from work [II] and ref. 101) were 
investigated in work [IV], 12 of them macrocycles with the space near the 
binding site fully enclosed by an aliphatic linker chain of differing length 
(varying from 3 to 14 -CH2- units, see Scheme 7). Although this arrangement 
does not exactly form a structural cavity in the true sense of this word, in the 
interest of brevity the term “cavity” is used below. 

 
 

            
 
Scheme 7. Biscarbazolylurea-based 
receptors. 

Scheme 8. Cavity size parameters L1 and L2. 
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Scheme 7 shows the structure of 12 macrocyclic receptors of varying cavity size 
that were studied in work [IV]. Table 6 presents information about the estimated 
receptor cavity sizes (see Scheme 8 for the definition of cavity size measure-
ment parameters L1 and L2) and the computationally estimated number of HB 
interactions between the receptor-anion complexes. For estimating the number 
of HB interactions in the receptor-anion complexes, these criteria were used: 
max distance between HBD and HBA group: 2Å; minimal angle of HB 
formation: 90°. 

Initially (receptors RM19 and RM20), the L1 and L2 parameters are rather 
similar to one another for all bound anions – when the macrocyclic cavity is 
very small, no anion can fit inside. For receptors RM21-RM30, the distance 
between amide NH groups (L2) mostly gradually increases (from 7.6 to 10.3 Å), 
but the distance between biscarbazolyl groups (L1) remains similar (6.7 to 7.4 Å). 
This is because of the relative structural rigidity of the biscarbazolyl groups in 
the receptor. Overall, receptors RM23 and RM25 (linker chain length of 7 and 9 
-CH2- groups respectively) displayed the highest binding affinities toward all 
the studied anions. This indicates that size-based discrimination between these 
anions is not possible with macrocycles of this structure. The cause of the lack 
of size discrimination is likely the fact that even the larger anions can interact 
with the binding groups of the receptor without having to fit into the macro-
cyclic cavity (see Scheme 9 below). 

An interesting trend is visible in the binding of formate anion and the L2 
parameter. While the formate anion is the smallest in size out of all studied 
species, the L2 parameter for receptors RM22-RM30 (receptor amide NH group 
distance) is among the largest for the formate-receptor complexes. This indi-
cates that only the formate anion can completely fit into the receptor cavity 
without deforming the receptor geometry. As an example, RM24 complexes 
with the studied anions are shown on Scheme 9. 

For an additional comparison of complex geometries, the images of receptor-
acetate complex geometries for RM19-RM30 are presented in Appendix 1. 

 

 
Scheme 9. RM24 complexes with formate, acetate and pivalate anions. 
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While the L1 and L2 parameters can be used to assess how much the macro-
cycle conformation differs in the complexes with various anions; they cannot be 
used to directly assess the fit of the anion inside the receptor. Even for the 
largest studied macrocyclic receptors (RM29 and RM30), benzoate and pivalate 
anions do not fit inside the receptor cavity, yet the cavity size parameters are 
quite similar to those of the other anion complexes. For the acetate and lactate 
complexes, while the anion fits close enough to the binding groups to interact 
with them and has a planar orientation with the binding groups of the receptor, 
complex formation will deform the preferred geometry of the linker chain in the 
macrocycle to make space for the anion. In comparison, formate, pivalate and 
benzoate cause less to no deformation in the linker chain geometry: formate fits 
into the receptor cavity, while benzoate and pivalate do not fit and thus bind 
with a different geometry. An example of formate, acetate and pivalate 
complexes of RM24 is shown on Scheme 9. 

It is important to note that the preferred conformation of free receptor mole-
cules depends on the cavity size. Scheme 10 displays the trend between linker 
length and the preference of IMHB interactions inside the receptor (in solvent 
DMSO with 0.5% H2O) and Scheme 11 gives some examples of the optimal 
receptor geometries. For the smallest receptors (RM19-RM21), at least two 
IMHB interactions occur in the receptor and the urea fragment rotates its 
orientation to the outside of the receptor cavity. For RM22-24, the preferred free 
receptor geometry includes two IMHB interactions between the amide NHC=O 
oxygen atom and the NH hydrogen of the carbazole moiety. For the large 
receptors (RM25-RM30), the preferred geometry depends on the odd or even 
number of -CH2- groups in the linker chain. The receptors with an even number 
of -CH2- fragments in the linker have IMHB interactions between the amide 
NHC=O oxygen atom and the NH hydrogen of the carbazole moiety (generally 
one IMHB, except for RM26, which exhibits a 50–50 conformer balance of 1 
and 2 IMHB interactions in the studied solvent environment). The receptors 
with an odd number of -CH2- fragments prefer a geometry with no IMHB 
interactions. This conclusion is supported by the experimental binding affinity 
values – RM25 has an odd number of -CH2- fragments in the linker and exhibits 
the highest binding affinity (both experimentally and computationally) toward 
the majority of the studied anions. 
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Scheme 10. Preference for IMHB interactions in the free receptor geometry in DMSO, 
0.5% H2O. 

 

 

 
Generally, the experimental information obtained about receptor-anion complex 
geometry through 1H NMR measurements conducted by our group (not the 
author) supports the most stable conformer predictions by COSMO-RS [IV]. 
Problems may occur in the study of receptor-anion complexation with very high 
steric strain in the receptor, which may be overestimated by COSMO-RS. For 
formate anion binding with receptors RM22 and RM23, experimental data 
indicated that in the receptor-formate complex, the anion should not interact 
with the receptor’s amide NH groups, while the computationally determined 
most stable conformers indicated that the interaction exists in the complex.  

The number of HB interactions in the optimal complex geometry (presented 
in Table 6) depends on the size of the anion and the size of the macrocycle. It 
can be seen that the smallest receptors generally have additional HB interactions 
with the anions (as the binding groups are located very close to one another, 
more of them can be reached by the anions simultaneously), but as the anions 

Scheme 11. IMHB interaction in the unbound macrocyclic receptors (RM19, RM24, 
RM26). 
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are unable to orient themselves in a suitable way for strong hydrogen bond 
interactions with all available binding groups, the formed hydrogen bonds are 
weak and do not cause a comparative increase in the binding strength. The same 
can be said about lactate-receptor complexation – numerous suboptimal HB 
interactions do not result in strong binding. Benzoate and pivalate anions have 
an interesting trend in their preferences for HB interactions on complex 
formation – for the larger receptor molecules (RM27-RM30 for benzoate, 
RM24-RM30 for pivalate), the preferred complex geometry (which binding 
groups the large anions prefer to interact with to form the complex) depends on 
the length of the linker chain. This indicates once again that linker choice and 
preferred conformation has a strong influence on complex formation. For 
formate anion, it is evident that the anion binds to different binding groups 
depending on macrocyclic cavity size – for middle sized receptors (RM24 to 
RM27), formate interacts better with the urea NH groups, otherwise, the 
receptor-formate complex geometry is similar to the preferred geometry of 
acetate complexes. 
 
 
Table 7. Experimental logKass values from work [IV] (not measured by the author of 
this thesis) and the comparison to computational predictions of COSMO-RS (para-
metrization BP_TZVP_20). Values in table are presented as logKass,exp;logKass,calc. 
 

DMSO, 
0.5% H2O 

Linker 
length 

Acetate Benzoate Formate Pivalate Lactate 

RM19 3 3.50;17.3 a 2.93;16.1 a 2.68;17.7 a 3.69;16.1 a 2.40;13.1 a 

RM20 4 4.47;14.5 a 3.69;13.0 a 3.48;14.1 a 4.9;13.6 a 2.99;8.7 a 
RM21 5 5.00;15.2 a 4.17;13.8 a 4.06;15.3 b 4.93;13.9 a 3.36;14.5 a 
RM22 6 5.17;17.3 a 4.47;13.6 a 4.51;16.7 c 4.9;13.5 a 3.47;11.3 a 
RM23 d 7 5.69;18.6 a 4.91;12.8 a 4.80;18.3 c 5.64;12.2 a 4.04;11.7 a 
RM24 d 8 5.34;15.7 b 4.64;15.0 a 4.63;16.4 c 5.23;14.4 a 3.62;13.2 b 
RM25 d 9 5.69;20.7 b 4.95;16.5 a 4.59;16.6 c 5.82;11.6 a 4.07;15.9 b 
RM26 d 10 5.36;20.2 b 4.58;15.5 a 4.18;16.6 c 5.21;17.2 a 3.69;15.6 b 
RM27 11 5.18;17.1 b 4.62;11.0 a 4.00;16.5 c 5.43;14.7 a 3.78;14.9 b 
RM28 12 5.00;16.6 b 4.41;11.9 a 3.86;16.0 c 5.40;11.0 a 3.62;11.0 b 
RM29 13 4.97;17.2 b 4.33;13.5 a 3.76;16.7 c 5.44;14.6 a 3.58;14.7 b 
RM30 14 4.97;17.7 b 4.32;14.6 a 3.77;17.0 c 5.48;14.2 a 2.40;12.4 b 

a Computational complex geometries indicate that the anion does not fit into the receptor 
cavity for this complex. 
b Computational complex geometries indicate that the anion partially fits into the cavity, 
but the geometry of the linker chain has been modified by complex formation. 
c Computational complex geometries indicate that the anion fully fits into the cavity. 
d According to experiments and calculations, these receptors generally exhibited the 
highest binding affinities toward the studied anions; The highest logKass values have 
been marked in bold in the table. 
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When looking at the comparison of experimental and computational values 
(Table 7), it can be seen that while computational predictions may generally 
estimate the highest binding affinity to be near RM23 or RM25, similar to 
experiments, otherwise, the agreement between computational and experimental 
binding affinities is poor. The misestimation of binding affinity by computa-
tions is especially visible for the smallest (RM19) and largest (RM29-RM30) 
macrocyclic receptors, where they are predicted to bind anions better than a 
number of other studied receptors, which is not in agreement with experimental 
results. For RM19, it is possible that the computational approach overestimates 
the extent of HB interactions for this receptor (that more possible HB inter-
actions equals stronger binding, even when their orientation is very suboptimal). 
For receptors RM29 and RM30, problems may be caused by the computational 
characterization of the steric strain related to the linker chain conformation. 

While studying binding in DMSO-H2O can provide interesting results for the 
characterization of receptor molecules, the binding in this solvent system is 
unable to model the behavior of the receptors in the real sensors (not prepared 
by the author). As is evident from work [IV], the sensitivity of the sensors using 
receptors RM21, RM25 and RM28 towards benzoate is higher than the 
sensitivity towards acetate, while the solution binding studies indicate the oppo-
site. The difference is caused by the fact that when measuring with sensor, the 
environments inside the sensor membrane (low polarity polymer matrix), as 
well as around the free anion (water) are very different compared to the DMSO 
solution environment used for the binding studies. 
 
The following conclusions can be made by comparing the computational 
receptor geometry characteristics (Table 6) and the experimentally determined 
binding affinity values towards the studied anions (Table 7): 
• Small cavity size of the macrocycle leads to lower binding affinity. The 

anion is able to have strong HB interactions with fewer available binding 
groups when it cannot even partially fit inside the cavity of the receptor 
molecule. For receptors RM19 to RM23, the binding affinities increase with 
the size of the macrocycle. 

• From a certain point, (linker lengths above 9 -CH2- fragments), increasing 
cavity size does not increase the binding strength (the anion complexes of 
receptors RM27 to RM30 have relatively similar binding strength in com-
parison with one another). Eventually, further increase in the cavity size will 
not help the anion fit closer to the binding groups inside the receptor cavity 
but may introduce steric strain into the molecule from the conformation of 
the flexible -CH2- linker chain closing the cavity.  

• For all studied anions, the strongest binding affinities (studied in DMSO 
with 0.5% water) were observed towards receptors RM23 and RM25. This 
trend was observed for both the experimental data measured in our group 
and published in work [IV] and can also be seen (apart from the predictions 
for pivalate binding) in the trends of computational predictions of logKass 
values (Table 7). This was also true for the larger anions (pivalate, 
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benzoate), which do not entirely fit inside the macrocyclic cavity for 
complex formation. The fact that the macrocycles with the largest cavity size 
do not have higher binding affinities for larger anions can be attributed to the 
large flexibility of the linker chain. As the linker structure of receptors 
RM19 to RM30 is highly flexible, this allows anions of all sizes to bind 
relatively easily by bending the linker group. This indicates that the cavity 
size is not the determining parameter that should be studied for the deter-
mination of binding strength and that selective binding of anions is not 
possible with macrocyclic receptors of this structure. 
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II Experimental determination of thermodynamic 
parameters of complex formation 

3.3 Choosing the model reaction 
The aim of this part of the study (work [V]) was to investigate the applicability 
of low volume microcalorimetry for the experimental determination of enthalpy 
and entropy effects of a simple 1:1 binding reaction. The model reaction for the 
study should meet certain criteria. The reaction must be fast and have 1:1 
stoichiometry, without side-processes (e.g. pronation-deprotonation), the re-
actant molecules or ions should be commercially available with a suitable level 
of purity, a large number of reliable experimental results for the enthalpy and 
entropy effects of the model reaction should exist in previously published 
literature sources. 

While this work primarily focuses on the study of anion receptors, this part 
of the study has been carried out studying receptor-cation binding as no anion 
binding reaction was found that would meet the above criteria. As anion-
receptor chemistry is a newer field than the study of cation complexation, no 
anion receptors have been studied as extensively by a large number of research 
groups. When only very limited previously determined experimental data exists 
for comparison, stoichiometry of the binding reaction may not be reliably 
known and it may be more difficult to ascertain whether differences between the 
experimentally determined results of this study and the past literature results 
arise from differences in experimental conditions or methods used or if they 
indicate problems with the experimental approach used in this study. Many 
anion receptors are not commercially available and obtaining the compounds of 
suitable purity for ITC experiments may be difficult. 

Binding reactions between 18-crown-6-ether (18C6) and alkali and alkaline 
earth metal cations meet all the mentioned criteria. K+ was chosen as the guest 
ion, because the reaction between K+ and 18C6 has been extensively studied by 
numerous groups and has a rather low binding affinity, which is also common 
for the types of anion-receptor complexes studied in this work.102 18C6 and 
cation binding has been used as a model reaction for a number of past studies 
and the reaction stoichiometry is well known to be 1:1. 

The binding reaction of 18C6 and K+ has been widely investigated in past 
studies from 1970s to 2000s (Table 8). The literature values of 1.97...2.14 
(logKass) and -23.4...-32 (ΔH) are presented in past studies.50,103–109 While the 
experimentally determined association constant values are relatively similar 
between all sources, there are large differences in the estimates of reaction 
enthalpy, and these values are often accompanied by very low uncertainty 
estimates, which cannot account for a discrepancy of this magnitude. 
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Table 8. Literature data for ΔH and Kass estimates for 18-crown-6-ether and K+ 
binding.50,103–109[V] 

Ref. Year logKass U (logKass) ΔH (kJ/mol)ab U (ΔH) Uncertainty 
type 

103 1976 2.03 0.1 -25.8 0.04 s 
104 1982 2.14 0.02 -23.4 0.84 s × tcoeff 
105 1987 1.97 0.05 -26.0 0.29 ±x 
106 1992 2.04 0.1 -26.3 0.2 3 × s 
107 1993 2.037 0.004 -24 0.4 ±x 
108 1995 2.06 0.02 -26 0.1 ±x 
50 2003 2.01 ... 2.1 0.01 ... 0.03 28.4 .... -32 0.3 ... 1.2 2 × s 
109 2008 2.1 0.08 -25 1.3 ±x 

a All ΔH values were determined with various calorimetric methods. For Ref. 104, Kass 
was determined using potentiometry. 
b When the literature estimates in original sources were presented in kcal/mol, the units 
were converted to kJ/mol by multiplying with 4.184. 
 

 
3.4 Planning ITC experiments 

The following points should be considered when choosing the experimental 
conditions for ITC studies of systems of low binding affinity. 
• Choosing the “c” value. For low binding affinity systems, it is probable that 

the experiment will be conducted under low “c” value conditions. For low 
“c” experiments, additional attention should be paid to the following ex-
perimental parameters: sufficient extent of complexation at the end of 
experiment, careful consideration of chosen experimental concentrations, 
prior knowledge of reaction stoichiometry may be necessary. 

• Extent of host-guest complexation by the end of the experiment. Ideally, 
more than 50% of the host molecules should be bound with the guest. When 
only a small part of the host in the calorimeter cell can be bound into the 
complex, only a part of the titration curve can be used for the prediction of 
reaction parameters and this will increase errors in the estimation of Kass. 

• Reaction stoichiometry. This is especially important for low “c” conditions, 
as under these conditions n and ΔH values have been found to strongly cor-
relate50 and curve fitting to determine the values of n and ΔH simultaneously 
is thus unadvisable. When the stoichiometry is known (especially when the 
known binding stoichiometry is 1:1 and the simple binding model can be 
used), the n value should be fixed for data treatment. 

• Choice of host concentration in the cell and guest concentration in the syringe. 
A typical calorimetric experiment is often conducted by filling the calorimetric 
cell with low concentration (e.g. 1...10 mM) host compound solution and 
titrating it with the guest compound solution of 10–20 times higher concentra-
tion. This may not be ideal for low-affinity systems (low extent of receptor 
complexation at the end of experiment, low “c” parameter for the experiment). 
On the other hand, the choice of the guest concentration often has upper limits 



45 

(solubility, reasonable magnitude of the heat of dilution effect, larger risk of 
cross-contamination between experiments with the use of solutions with very 
high concentrations etc.). There are also limitations to using very low 
concentrations, as the accuracy of the measurements of very low heat effects is 
lower and effects of certain sources of measurement uncertainty (baseline 
stability, peak area integration accuracy, heat of dilution effects etc.) may 
influence the results proportionally more when low heat effects are studied. 

• Magnitude of experimentally determined heat effects. The microcalorimeters 
work by applying and measuring small amounts of power to keep the tempe-
rature of the cell stable. When heat effects are too large for the instrument and 
drop below the level of reference power (negative values in the raw 
measurement data), it is outside the instrument’s working area and the 
determined heat effects will be inaccurate and should thus not be used for data 
analysis. When heat effects are very small, the contributions of certain 
measurement uncertainty sources (peak integration and baseline stability, 
instrumental accuracy, accounting for the heat of dilution) increase notably. 

• Purity of compounds. Calorimetric measurements can be quite sensitive to 
impurities in compounds and using compounds of insufficient purity (e.g. 
using a host or guest compound of 90% purity), will result in inaccurate 
determination of the thermodynamic parameters of the reaction. 

• Heat of dilution effects. It is important to carry out two additional experi-
ments every time to account for the heat of dilution effects for the syringe 
compound (titration experiment of syringe compound titrated to MQ water in 
cell) and for the cell compound (titration experiment of MQ water titrated to 
the compound in cell). With the use of low compound concentration in the 
cell, it is possible that heat effect of dilution is close to zero and can be 
ignored, but this should be experimentally checked. With low heat of dilution 
effects, care should be taken to study the obtained values to ensure that 
baseline deflections and systematic instrumental drift are not accounted for 
instead of the actual heat of dilution effects occurring in the solution. 

• Good working order of the instrument. The proper working order of the calori-
meter should be assessed regularly. This can be done by a number of various 
experiments. Certain model reactions can be studied and the obtained n, Kass 
and ΔH values compared with reference values. Commonly, the reaction of 
Ca2+ and EDTA binding in MES buffer at a fixed pH value is used.110 The 
instrument allows to carry out instrumental test of heat effect measurement by 
generating and measuring electrical pulses, the peak areas of which should fit 
inside ±1% of a given specification. MQ to MQ titration experiments carried 
out regularly will show cross-contamination or the need for additional 
cleaning for the calorimetric cell and syringe. For avoiding cross-contamina-
tion, it is also important to properly clean the syringe used for filling the 
calorimetric cell and to also regularly clean the overflow area above the cell 
compartment. The MQ water in the reference cell of the calorimeter should be 
changed often to ensure no contamination has occurred over time. 
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3.5 Basic principles of uncertainty estimation 
Uncertainty estimation in work [V] was carried out using the component-by-
component approach111 in the following steps: 
• Creating the mathematical model. 
• Estimating the uncertainty contributions of input parameters. 
• Calculating the standard uncertainties for experimentally determined heat 

effects (peak areas). 
• Using the experimentally determined peak areas together with their un-

certainty estimates and initial solution concentrations as input parameters for 
the python script, which is used to estimate the Kass and ΔH values of the 
binding reaction. 

• Component-by-component approach is used on equation (11), derived from 
equations (6) and (7)-(9), to determine the combined standard uncertainty for 
the experimental estimate of reaction enthalpy ΔH. 

 Δ𝐻 = ଶொ௡ெ౪௏బ቎ଵା ೉౪೙ಾ౪ା భ೙಼౗౩౩ಾ౪ିඨ൬ଵା ೉౪೙ಾ౪ା భ೙಼౗౩౩ಾ౪൰మି ర೉౪೙ಾ౪቏   (11)  

 
 

3.6 Estimating the uncertainty for input parameters 
The standard uncertainties of input parameters were estimated: 
• The standard uncertainty of solution concentrations (Mt0; csyr) (making stock 

solutions, dilution, transfer) was conservatively estimated at 2% due to the 
very low concentrations involved. 

• The standard uncertainty of volume delivery (Vtot, vi) was estimated at 2%. 
• The standard uncertainty of active volume (V0) was estimated at 4 μl. The 

active volume of the iTC200 microcalorimeter is 200.6 μl. 
 

3.7 The measurement uncertainty of  
the heat effects of single injections 

In order to carry out data fitting, first, uncertainty estimation was carried out for 
the experimentally determined heat effects of the individual injections ΔQ(i) of 
the ITC experiment. An example for the determined uncertainty budgets for 
each injection for experiment K2 is displayed in Table 9. 

It can be seen from Table 9 that the main contributors to the uncertainty of a 
single injection are the total injected titrant volumes Vtot(i) and Vtot(i-1). 
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Table 9. Uncertainty budgets for injections 1–20 for experiment K2.a [V, SI] 

Inj. No V0 cK c18C6 Vtot (i) Vtot (i-1) 
1 0% 39% 21% 39% - 
2 0% 38% 23% 38% 0% 
3 0% 20% 14% 42% 24% 
4 0% 13% 10% 44% 33% 
5 1% 9% 8% 45% 38% 
6 1% 6% 7% 45% 41% 
7 1% 5% 6% 45% 43% 
8 1% 4% 5% 45% 44% 
9 2% 3% 5% 45% 45% 
10 2% 2% 5% 45% 46% 
11 2% 2% 4% 45% 46% 
12 2% 1% 4% 45% 47% 
13 3% 1% 4% 45% 47% 
14 3% 1% 4% 45% 47% 
15 3% 1% 3% 45% 47% 
16 4% 1% 3% 45% 47% 
17 4% 0% 3% 45% 48% 
18 4% 0% 3% 44% 48% 
19 5% 0% 3% 44% 48% 
20 5% 0% 3% 43% 48% 

a V0 – active volume of the calorimetric cell; cK – syringe concentration of guest (K+); 
c18C6 – cell concentration of 18C6; Vtot (i) – total cumulative injection volume after 
injection i; Vtot (i-1) – total cumulative injection volume after injection i-1.  

The three main contributors to the uncertainty of a given experimental heat effect are 
marked in bold. 

The uncertainty contributions of vi (volume of injection i) and Vtot (i-2) (total 
injection volume at injection i-2) were close to 0% for all injections and have been 
omitted from the table.  
 
 

3.8 Determining the estimate of ΔH and estimating the 
combined standard uncertainty for the result 

A python script was used for fitting the computational and experimental titra-
tion curves to determine the estimate for reaction enthalpy ΔH. The script takes 
initial Kass and ΔH estimates, cell and syringe concentrations, injection volumes, 
experimentally determined heat effects (peak area values) and their standard 
uncertainties as input parameters and gives the estimates for Kass and ΔH values 
for the input data together with an uncertainty estimate characterizing the fit. 
Details of the involved mathematics are given in work [V]. 
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Table 10 shows the results of using the Python script with the data of 4 experi-
ments (K1-K4). From the results of the four experiments, the combined stan-
dard uncertainty for ΔH was estimated from the mathematical model based on 
equation (11) (derived from equation (6)) (see section 3.5). The uncertainty 
budget for ΔH is presented in Table 11. According to the uncertainty budget, the 
most important components are the measured total heat effect of the experiment 
(Qtot) and the initial 18C6 concentration in the cell Mt0. It must be noted that for 
our study, the n value was fixed, which was found to be necessary for calori-
metric measurements under low-c conditions. Even a small error in the value of 
n (e.g. 3%) would increase the uncertainty estimate of ΔH by several times. 
 
 
Table 10. Results of experiments K1-K4. The “c” parameter values for the experiments 
is 0.575. 

Experiment K1 K2 K3 K4 
Kass 69.2 (1.1) 69.2 (1.1) 70.8 (0.6) 70.5 (0.6) 
ΔH -27.6 (0.8) -27.1 (0.8) -25.8 (0.4) -25.9 (0.4) 

The combined standard uncertainty values obtained from the Python script are given in 
brackets. 
 
 
Table 11. Uncertainty budget for the uncertainty of ΔH. [V] 

Input quantities Example 
values 

Standard 
uncertainty 

of input 
value 

Uncertainty 
components 

of ΔH 
(kJ/mol) 

Contribution 
to ΔH 

uncertainty 

Total heat Qtot -7.54 mJ 0.2 mJ -0.7 40% 
Association constant Kass 69.9 2 0.0 17% 
Active volume V0 200.6 μl 4 μl 0.4 2% 
Stoichiometry coefficient n 1 0 0.3 0% 
Syringe conc. csyr

a 0.05 M 0.001 M 0.4 19% 
Initial cell conc. Mt0

b 0.005 M 0.0001 M 0.5 12% 
Total injection volume Vtot 38.2 μl 0.764 μl 0.2 5% 

a The parameter is used for the calculations of Xt, according to equations (9) and (10). 
b The parameter is used for the calculation of Mt, according to equation (8).  

 
 
Applying the component-by-component approach to uncertainty estimation 
(realized through the Kragten approach), the final result from experiments K1-
K4 can be presented together with the combined standard uncertainty: 
 

ΔH = -27.1; uc(ΔH) = 1.1 kJ/mol. 
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This result overlaps with the results of individual experiments in the limits of 
measurement uncertainty. 

Scheme 12. Comparison of the results of this work with literature. Zeta scores with 
absolute values 2.0 or below indicate agreement between results. 
 
 
The comparison of the result of our work with literature values is presented in 
Scheme 12. The zeta scores can be used for evaluating the agreement between 
the current results and values from the literature.112 Zeta scores with absolute 
values 2 or below indicate agreement between results, absolute values between 
2 and 3 indicate inconclusive situations, absolute values above 3 indicate dis-
agreement. It can be seen that with our measurement uncertainty estimate, the 
result overlaps with the majority of the literature values in the limits of mea-
surement uncertainty. Looking at the zeta-scores for the results, the values 
indicate that with two of the values (ref. 104, 107) the result is inconclusive and 
the lowest estimate of ref. 50 is in disagreement with our result. Importantly, the 
absolute values of these zeta scores might be rather over- than underestimated, 
as for the majority of literature values, instead of combined standard uncertainty 
estimates, just the standard deviations of replicate measurements were used. 
This indicates that the cause of discrepancy between literature values may not 
be in the inaccuracy of the measured results, but in the underestimation of mea-
surement uncertainty. 
  



50 

SUMMARY 

In the first part of the work, the possibility of investigating anion-receptor 
binding with the COSMO-RS computational method was studied in order to 
study and improve receptor design for a selection of analytically important 
anions (e.g. the glyphosate dianion and small monocarboxylate anions). The 
emphasis of the study focused on investigating the steric effects of binding and 
identifying the abilities and limitations of using the COSMO-RS approach for 
predicting receptor-anion binding affinities and for the computational charac-
terization of anion receptors. 

In order to test COSMO-RS for the ability to correctly estimate the most 
stable conformer in a chosen solvent environment, a test set of 105 small mole-
cules was studied. In the majority of cases (103 out of 105), the method 
correctly predicted the most stable conformer of the studied molecule. 

A number of small indolocarbazole- and urea- based molecules were studied 
to determine the ability of COSMO-RS to correctly determine the binding 
strength of anion-receptor complexes. It was found that COSMO-RS is unable 
to predict the absolute values of binding constants of anion-receptor complexes, 
while the overall trends in binding affinity of simple receptors are in most cases 
satisfactorily predicted by the method. 

Next, the small indole, carbazole, indolocarbazole and urea fragments were 
used as building blocks to construct larger receptor molecules. These molecules 
were computationally studied – both linear molecules with the binding groups 
connected by various alkali or cyclic linking groups and molecules with macro-
cyclic structures were investigated.  

These observations were made from the computational study of receptor 
design of varying linker length: 
• The geometry of the anion and preferred free receptor conformation should 

be spatially suitable for one another. The positions of the binding groups as 
well as the linker length and rigidity affect binding affinity but do not always 
have a clearly predictable relationship. 

• Steric effects are very important in determining the strength of binding. It is 
possible that high steric strain causes a dianion to prefer binding into a 
complex by only one of its anionic centers. 

• The COSMO-RS method can in most cases be used to estimate the geo-
metric parameters of receptors and receptor anion complexes – preferred 
conformations, whether something is “small enough” or “big enough”, 
whether HB donors and HB acceptors are sufficiently close, etc. 

• The COSMO-RS method in general cannot be used for prediction of binding 
affinity (logKass values) for receptor-anion binding. The absolute values of 
binding constant logKass values for anion receptors are overestimated by 
large margins for even very simple systems. In the case of more complex 
systems, even trends in logKass values cannot be reliably predicted. 
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For macrocyclic receptors, the binding strength is affected by the size of the 
cavity and the anion, but it is not straightforward to predict for all anions. While 
the smallest anions can fit inside smaller cavities and large anions cannot, the 
results of the study indicate that effective discrimination of anions by size alone 
is not possible for macrocyclic receptors of this structure. As the structure uses a 
flexible linker fragment (an alkyl chain of varying length), the larger anions are 
able to form a complex when the alkyl chain bends out of the way and, as a 
result, for the group of studied macrocyclic receptors, two receptors with a 
middle-sized cavity exhibited the strongest binding affinities towards all studied 
anions. 

The second, experimental part of the work investigates the possibility of 
studying the thermodynamic parameters, first of all, binding enthalpy, of low-
affinity host-guest binding reactions using a small-volume microcalorimeter. A 
thorough uncertainty estimation is carried out to determine the main uncertainty 
sources and to estimate the measurement uncertainty of reaction enthalpy 
estimates determined using ITC. The study presents suggestions on experiment 
planning for the study of low-affinity systems and concludes that enthalpy 
determination is possible with a combined standard uncertainty in the range of 
1–2 kJ/mol. The biggest contributors to the measurement uncertainty of reaction 
enthalpy ΔH were determined to be the determination of the total heat effect of 
the reaction and the reagent concentrations. 
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SUMMARY IN ESTONIAN 

Anioonretseptorite arvutuslik disain ning  
peremees-külaline seondumise uurimine 

Käesoleva töö esimeses osas uuriti COSMO-RS arvutusmeetodi rakendatavust 
anioonretseptorite disaini juures, et leida sobivaid retseptoreid analüütiliselt olu-
listele anioonidele (glüfosaadi dianioon ja väiksed monokarboksülaatanioonid). 
Töö põhirõhk keskendus seondumise steeriliste efektide vaatlemisele ning 
COSMO-RS meetodi kasutusala uurimisele ning meetodi rakendamises kitsas-
kohtade leidmisele retseptor-anioon seondumistugevuse hindamise ning anioon-
retseptorite arvutusliku karakteriseerimise jaoks. 

Selleks, et kontrollida COSMO-RS meetodi suutlikkust lahuse keskkonnas 
molekulide stabiilseimaid konformeere õigesti ennustada, uuriti 105 väikest 
molekuli. Leiti, et üldiselt (103 juhul 105 molekulist) suudab meetod uuritud 
molekulide kõige stabiilsemat konformeeri õigesti ennustada. 

Järgmisena uuriti väikeseid indolokarbasooli ning uurea klassidesse kuulu-
vaid retseptormolekule, et hinnata COSMO-RS meetodi suutlikkust korrektselt 
ennustada retseptor-anioon komplekside seondumistugevust. Leiti, et kuigi 
absoluutväärtuste poolest ei suuda meetod seondumiskonstantide väärtusi täp-
selt ennustada, siis seondumistugevuse trendid erinevate retseptorite ning erine-
vate anioonide vahel on ennustatud enam-vähem rahuldavalt. 

Edasi kasutati eelnevalt uuritud väikeste retseptorite strukruuridest indooli-, 
karbasooli-, indolokarbasooli- ja uurea fragmente suuremate retseptormoleku-
lide disainimiseks. Arvutuslikult uuriti nii lineaarse struktuuriga molekule 
(seonduvad rühmad retseptori otstes, mis on omavahel ühendatud tsüklilise või 
alküülse linkerrühma abil) kui ka makrotsüklilise struktuuriga molekule. 

Erineva linkeri struktuuriga retseptorite disaini arvutuslikust uurimisest saab 
välja tuua need järeldused: 
• Seotava aniooni ja vaba retseptori eelistatud geomeetria peavad üksteise 

jaoks sobivad olema. Siduvate rühmade asukoht ja linkerrühma pikkus ning 
jäikus mõjutavad anioon-retseptor kompleksi seondumistugevust, kuid 
nendevaheline seos ei ole lihtsalt ennustatav. 

• Steerilistel efektidel on seondumistugevusele märgatav mõju. On võimalik, 
et just steerilise takistuse tõttu eelistab dianioon mõnede retseptoritega 
kompleksi moodustada vaid ühega oma anioonsetest tsentritest. 

• COSMO-RS meetodit saab enamikel juhtudel rakendada eelkõige retsepto-
rite ning nende anioonkomplekside geomeetriliste parameetrite hinnangu 
jaoks – eelistatud konformatsioonid, kas seonduv anioon on „piisavalt väike“ 
või kas retseptori sidumistasku „piisavalt suur“, kas vesiniksideme doonor- 
ja aktseptorrühmad on omavahel sobival kaugusel jne. 

• COSMO-RS meetodit ei ole üldiselt võimalik kasutada retseptor-anioon 
seondumistugevuse (logKass väärtuste) hindamiseks. logKass absoluutväärtu-
sed on anioonretseptorite jaoks väga tugevalt ülehinnatud ka väga lihtsate 
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süsteemide korral. Keerulisemate süsteemide uurimisel ei ole mõistliku 
täpsusega ennustatud ka trendid logKass erinevate väärtustel omavahel võrd-
lemisel. 

 
Makrotsükliliste retseptorite korral on seondumistugevus seotud makrotsükli 
õõnsuse suurusega, aga see ei ole ainus seondumist mõjutav faktor. Kuigi üld-
joontes väikesed anioonid mahuvad väikesemate makrotsüklite sisse ning suure-
mad anioonid mitte, ei saa töö tulemuste kohaselt sellise struktuuriga makro-
tsüklilisi retseptoreid kasutada anioonide selektiivseks sidumiseks nende suu-
ruse järgi. Kuna retseptorite struktuuris on sees painduv linkerrühm (erineva 
pikkusega alküülahel), siis saavad ka suuremad anioonid retseptoritega komp-
leksi moodustada, sest alküülahel paindub ning ei põhjusta seetõttu steerilist 
takistust. Töös uuritud makrotsüklilistest retseptoritest olid kõikide uuritud 
anioonide suhtes suurima seondumistugevusega kaks keskmise suurusega 
molekuli. 

Töö teises osas hinnatakse väikese koguruumalaga mikrokalorimeetria 
rakendatavust madala seondumisafiinsusega peremees-külaline seondumis-
reaktsioonide uurimiseks (eelkõige reaktsioonientalpia hindamiseks). Eksperi-
mentide kõrval on läbi viidud ka põhjalik mõõtemääramatuse hindamine, et 
leida selliste eksperimentide jaoks olulisemad mõõtemääramatuse komponendid 
ning hinnata kalorimeetriliste eksperimentide abil leitud reaktsioonientalpia 
väärtuste täpsust. Töö tulemusena on toodud soovitused eksperimentide planee-
rimiseks madala seondumisafiinsusega süsteemide uurimisel. Saadud reakt-
sioonientalpia hinnangu liitstandardmääramatus jääb vahemikku 1-2 kJ/mol. 
Suurima osakaaluga mõõtemääramatuse komponendid ITC eksperimentide 
juures on reaktsioonil vabaneva soojushulga mõõtmise mõõtemääramatus ning 
kasutatud lahuste kontsentratsioonide mõõtemääramatus. 
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APPENDICES 

Appendix 1. Macrocyclic receptor complexes with  
the acetate anion (work[IV]) 

 
Scheme S3. Acetate complexes of macrocyclic receptors RM19-RM30. 
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