
 

 

 

Crown Ether-Polymers for Lithium Recovery: From 

Molecular Binding to Solid-State Architecture 

 

 

Dissertation 

 

 

submitted by 

Sabrina Jaehnke 

Hamburg 2025 

 

 

Faculty of Mathematics, Informatics, and Natural Science 

Department of Chemistry 

 

In conformity with requirements for  

the degree of Doctor rerum naturalium (Dr. rer. nat.) 

submitted to the University of Hamburg 

  



 

1 

 

 

 

 

 

 

 

“Wenn wir uns erlauben, zu scheitern, erlauben wir uns gleichzeitig, uns selbst zu 
übertreffen.” 

Eloise Ristad 

  



 

2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supervisor: Prof. Dr. Volker Abetz 

1st Referee:  Prof. Dr. Volker Abetz 

2nd Referee:  Dr. Werner Pauer 

 

Defense committee:  

Prof. Dr. Volker Abetz 

Priv. Doz. Dr. Christoph Wutz 

Dr. Thomas Hackl 

 

Date of oral defense: 23.01.2026 

  



 

3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This dissertation was created under the supervision of Prof. Dr. Volker Abetz at the 

Institute of Physical Chemistry (Department of Chemistry, Faculty of Mathematics, 

Informatics, and Natural Sciences) of the University of Hamburg. The work was 

started in September 2021 and the dissertation was submitted in November 2025. 

 



 

4 

PUBLICATIONS 

 

This cumulative dissertation includes three first-author publications. These publications are 

reprinted in the original form in Chapter 5. 

1) Lithium Selectivity of Crown Ethers: The Effect of Heteroatoms and Cavity Size 

Iklima Oral*, Sabrina Tamm*i, Carmen Herrmann, Volker Abetz 

*: Both authors contributed equally to this project. 

Separation and Purification Technology 2022, 294, 121142. 

doi.org/10.1016/j.seppur.2022.121142 

Impact Factor (2022): 8.6 

 

2) Systematic Investigation of a Crown Ether Functionalized PS-b-PMAA Block 

Copolymer for Optimized Lithium Extraction from Aqueous Media 

Sabrina Jaehnke, Joachim von Chamier Gliszczynski, Birgit Hankiewicz, Volker Abetz 

Journal of Polymer Science 2025; n/a. 

doi.org/10.1002/pol.20250060 

Impact Factor (2024): 3.6 

 

3) Electrospun, Crown Ether Functionalized PS-b-PMAA Block Copolymer Fibers for Li 

Extraction from Aqueous Media 

Sabrina Jaehnke, Volker Abetz 

Desalination 2025, 616, 119343. 

doi.org/10.1016/j.desal.2025.119343 

Impact Factor (2024): 9.8 

  

                                                           
iTo avoid any misunderstanding, it should be mentioned that the author's surname changed from 

Tamm to Jaehnke during the course of this work. 



 

5 

 

  



 

6 

 CONTENTS 

Publications 4 

Contents 6 

Abbreviations 8 

Constants and Variables 12 

1. Zusammenfassung 16 

2. Abstract 18 

3. Introduction 20 

3.1. Lithium – Value, Demand and Recovery 21 

3.1.1. Lithium in Applications 21 

3.1.2. Lithium Ion Batteries 23 

3.1.3. Natural Occurrence and Extraction 24 

3.1.4. Sustainable Recovery Methods 28 

3.2. Crown ethers 29 

3.3. Computational Methods in Quantum Chemistry 41 

3.4. Polymers 52 

3.4.1. Polymer Architectures and Block Copolymers 52 

3.4.2. (Controlled) Radical Polymerization 54 

3.4.3. RAFT Polymerization 56 

3.4.4. CE-Polymer Linkage 59 

3.5. Polymer Manufacturing and Self-Assembly 63 

3.5.1. Thermodynamics of Block Copolymers 63 

3.5.2. Microphase Separation of Block Copolymers 65 

3.5.3. Membranes 67 

3.5.4. Cubosomes 69 

3.5.5. Electrospinning 70 

4. Objectives of this Work 73 

5. Cumulative Part 75 

5.1. Publication 1 75 

5.2. Publication 2 87 

5.3. Publication 3 99 

6. Unpublished Results 106 

6.1. Membrane Preparation 106 

6.1.1. PS-b-PMAA Membrane 106 

6.1.2. B9C3-Membrane 108 

6.1.3. Additives for Membrane Formation 109 



 

7 

6.1.4. B12C4-Membrane 111 

6.1.5. Experimental Section 112 

6.2. Cubosome Preparation 113 

6.2.1. B9C3 Cubosomes 113 

6.2.2. Experimental Section 116 

7. Discussion 117 

7.1. Computational Modeling of CEs 117 

7.2. CE-Polymers in Solution 118 

7.3. CE-Polymers in Solid-State 119 

7.4. Outlook 120 

8. References 123 

9. Appendix 134 

9.1. Author contributions 134 

9.2. Supporting information for Publication 1 135 

9.3. Supporting information for Publication 2 153 

9.4. Supporting information for Publication 3 179 

9.5. Safety 193 

10. Danksagung 197 

11. Eidesstattliche Versicherung 199 

 

  



 

8 

ABBREVIATIONS 

The abbreviations used in this work are defined in alphabetical order in the following. 

12C4 12-crown-4 

14C4 14-crown-4 

15C5 15-crown-5 

18C6 18-crown-6 

6FDA Difunctional phthalic anhydride 

9C3 9-crown-3 

AAS Atom absorption spectrometer 

AB15C5 Aza-benzo-15-crown-5 

ac After extraction 

ACN Acetonitrile 

AcOH Acetic acid 

ACVA 4,4'-Azobis(4-cyanopentanoic acid) 

AIBN Azobis(isobutyronitrile) 

ATRP Atom-transfer radical polymerization 

B12C4 Benzo-12-crown-4 

B3LYP Becke 3-parameter hybrid functional using Lee–Yang–Parr correlation 

B9C3 Benzo-9-crown-3 

bc Before extraction 

bcc Body-centered cubic 

BCEEM 2-(benzo-12-crown-4-ether)ethyl meth acrylamide 

BEV Battery electric vehicle 

C Cylindrical 

CaF Fuchsin calcium salt 

CDI Capacitive deionization 

CE Crown Ether 

CE3MA Benzo-9-crown-3 functionalized methacrylic acid 

CN Coordination number 

CPCM Conductor like PCM 

CTA Chain transfer agent 

CTPPA 4-Cyano-4-thioylthiopropylsulfanyl pentanoic acid 

CUI Cluster of excellence 

Cyclam Tetraaza-14-crown-4 

D Double diamond 

DCM Dichloromethane 
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def2-TZVP Second-generation, triple-zeta valence basis set with polarization functions 

DFG Deutsche Forschungsgemeinschaft 

DFT Density functional theory 

DIAD Diisopropyl azodicarboxylate 

DLS Dynamic light scattering 

DMF Dimethylformamide 

DOSY Diffusion ordered spectroscopy 

DOX 1,4-Dioxane 

DP Degree of polymerization 

EHT Acceleration voltage 

EISA Evaporation induced self-assembly 

EM Electron microscopy 

fcc Face-centered cubic 

G Double-gyroid 

GBL γ-Butyrolactone 

GGA Generalized gradient approximation 

GTO Gaussian-type orbital 

HClO4 Perchloric acid 

H-GGA Hybrid generalized gradient approximation 

HNO3 Nitric acid 

HSAB Hard and Soft Acids and Bases 

IPCM Integral Equation Formalism 

IR Infrared 

ISR Intermediate segregation regime 

IUPAC International union of pure and applied chemistry 

KEE Potassium ethyl eosin 

KS Kohn-Sham 

L Lamellar 

LAM Less-activated monomer 

LDA Local Density Approximation 

Li2CO3 Lithium carbonate 

LiAlSi2O6 Spodumene 

LIB Lithium ion battery 

LiCoO2 Lithium cobalt oxide 

LiNiMnCoO2 Lithium nickel manganese cobalt oxide 

LiOH Lithium hydroxide 

LIS Lithium 3,5-diiodo-salicylic acid 
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LLE Liquid-liquid extraction 

LMO Lithium manganese oxide (LiMn₂O₄) 

LMTO Lithium manganese titanium oxide 

LP Lone pair 

LTO Lithium titanium oxide (Li₄Ti₅O₁₂) 

M2L Dinuclear complex  

M2L3 Club sandwich complex 

mag Magnification 

MAM More-activated monomer 

MeOH Methanol 

MgA 8-Anilino-1-naphthalene sulfonic acid hemimagnesium salt 

ML Metal-ligand complex 

ML2 Sandwich complex 

MOF Metal-organic framework 

MW Molecular Weight 

n.d. Not defined 

NaEE Sodium ethyl eosin 

NaHCO3 Sodium bicarbonate 

NAO Natural atomic orbital 

NASICON Sodium super ionic conductor 

NBO Natural bond orbital 

NEt3 Triethylamine 

NHO Natural hybrid orbital 

NiPAAm N-isopropylacrylamide 

NLMO Natural (semi-)localized molecular orbital 

NMP Nitroxide-mediated radical polymerization 

NMR Nuclear magnetic resonance 

NOESY Nuclear Overhauser effect spectroscopy 

ODT Order-disorder transition 

P4VP Poly-4-vinylpyridine 

PAA Polyacrylic acid 

PCM Polarizable continuum models 

PDI Polydispersity index 

PES Potential energy surface 

PGMA Poly(glycidyl methacrylate) 

PI-RAFT Photoiniferter reversible-addition-fragmentation chain-transfer radical 

PISA Polymerization induced self-assembly 
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PL Perforated lamellae  

PMAA Poly(methacrylic acid) 

PS Poly styrene 

PSF Polysulfone 

PTFE Polytetrafluoroethylene 

r.t. Room temperature 

RAFT Reversible-addition-fragmentation chain-transfer radical 

S Spherical 

SAS Solvent accessible surface 

SCF Self-consistent field 

SCFT Self-consistent field theory 

SDEMS Solution diffusion evaporation mediation  

SE Schrödinger equation 

SEC Size exclusion chromatography 

S-ED Selective electrodialysis 

SEM Scanning electron microscopy 

SES Solvent excluded surface 

SI Supporting information 

SLE Solid-liquid extraction 

SNIPS Self-assembly and nonsolvent-induced phase separation 

SSL Strong segregation limit 

TEM Transmission electron microscopy 

TFA Trifluoroacetic acid 

THF Tetrahydrofuran 

TPP Triphenylphosphine 

UV Ultraviolet 

Vis Visible 

WSL Weak segregation limit 

λ-MnO2 Manganese(IV) oxide 
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CONSTANTS AND VARIABLES 

The constants and variables mentioned in this work are defined alphabetically in the following. 

A Absorbance 

Å Ångstrom 

[A] Concentration of the monomer A 

a± Activity coefficient 

a0 Headgroup area 

bX Occupancy of the donor orbital 

[B] Concentration of the monomer B 

c Concentration 

cA Polarization effect of atom A 

cB Polarization effects of atom B 

cm centimeter 

d Path length 

Ð Dispersity 

dCE Cavity size 

dX-M
n+ Distance between the heteroatom and the metal ion 

E Energy 

e Electron (charge) 

E[ϱ] Density functional 

EC Correlation energy 

Eel Electronic energy 

EJ Electron-electron (Coulomb) interaction energy 

ET Kinetic energy of the electrons 

Etot Total energy of the system 

EV Interaction energy of the electrons with the nuclear field 

EX Electron-electron exchange energy 

Exc[ϱ] Exchange-correlation functional 

F̂ Fock operator 

fi Volume fraction of the component i 

g gram 

h Planck constant 

ℏ Reduced Planck constant (h/2π) 

Ĥ Hamiltonian 

hA Natural hybrid orbital of atom A 

hB Natural hybrid orbital of atom B 
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Ĥel Electronic Hamiltonian 

hv Energy of a photon 

Hz hertz 

i Metal ion’s stochiometric factor  

I Nucleus 

i Electron 

I· Initiator radical 

I0 Initial light intensity 

I1 Intensity of the transmitted light 

Is Ionic strength 

J[ϱ] Coulomb fractions of the electron interactions 

K Equilibrium constant (or complexation constant) 

K Nuclei 

kAA Rate constant of the addition of monomer A to A-type growing chain end 

kAB Rate constant of the addition of monomer A to B-type growing chain end 

kB Boltzmann constant 

kBA Rate constant of the addition of monomer B to A-type growing chain end 

kBB Rate constant of the addition of monomer B to B-type growing chain end 

kcal kilokalorie 

kDa kilodalton 

kg kilogram 

kV kilovolt 

L liter 

lc Length of the hydrophobic block 

m meter 

M Metal ion 

m  Mass of the electron  

M Mass of the nucleus 

mg milligram 

Mn Number average molecular weight 

mol molar 

MΩ megaohm 

n Crown ether’s stochiometric factor 

nCE Amount of crown ether 

Ni Degree of polymerization 

p Packing parameters 

·Pi  and ·Pj Polymer radical 
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pm picometer 

pM picomolar 

q Capacity 

Q Stoichiometric factor for Debye-Hückel theory 

qCE Capacity per amount of crown ether 

q
i
 Hirshfeld charge 

qpoly Capacity per mass of the material 

R Coordinates of the nucleus 

r Coordinates of the electron  

R Universal gas constant 

R· Radical 

r⃗ Spatial coordinate of the electron 

r-1 Distance 

r1 and r2  Reactivity ratios 

Rh Hydrodynamic Radius 

Sc Conformational entropy 

ST Translational entropy 

t tonne 

T Temperature 

t time 

Te Kinetic energy of the electron 

TK Kinetic energy of the nuclei 

Ts[ϱ] Functional of the kinetic energy 

v- Counter ion’s charge 

V Volume 

v Volume of the chain 

Vee Potential energy of the electron-electron interaction  

VeK Potential energy of the electron-nucleus interaction 

Vext External potential 

VKK Potential energy of the nucleus-nucleus interaction (Coulomb repulsion) 

wi
Hirsh(r⃗) Hirshfeld weighting factor 

wt% Weight percentage 

Y Counter ion 

y Counterion’s stochiometric factor 

z+ Metal ion’s charge 

Z Charges of the nucleus 

Zn Number of nearest neighbors in the lattice 
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γ- Activity coefficient of the anion 

γ+ Activity coefficient of the cation 

γ± Mean activity coefficient 

δ Chemical shift 

ε Dielectric constant  

ελ Molar extinction coefficient 

λ Wave length 

ψ Wave function 

ψel Electronic wave function  

χ Flory-Huggins-Staverman interaction parameter 

χN Degree of segregation 

Ψk Kohn-Sham-orbital 

ϱ Electron density 

(MiCEn)
iz+(Yy)

yv- Complex 

∆Eσ→σ*
(2)

 Stabilization energy 

∆Gmix Free enthalpy of mixing 

∆Hmix Enthalpy of mixing 

∆Smix Entropy of mixing 

εX and εM
n+ Diagonal elements 

dr⃗1 Volume element 

σAB Bonding natural bond orbital 

σAB
*  Antibonding natural bond orbital 

φi Volume fraction of the component i 

ϵ Interaction energy 

ϵσ Energy of the acceptor natural bond orbital 

ϵσ* Energy of the donor natural bond orbital 

ϱdef(r⃗) Molecular deformation density 

ϱ
i
(r⃗) Individual electron densities 

ϱ
i
def(r⃗) Atomic deformation density 

ϱ
i
free(r⃗) Electron density of “free” atoms 

ϱin(r⃗) Estimated electron density 

ϱout(r⃗) New electron density  

ϱpro(r⃗) Electron density of the promolecule 

∇ Nabla 

°C degrees Celsius 

µm micrometer (micron) 
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1. ZUSAMMENFASSUNG 

Lithium ist ein Schlüsselrohstoff der Energiewende und essenziel für die Herstellung von 

Lithium-Ionen-Batterien - einer Technologie die vor allem in Elektrofahrzeugen sowie in 

mobilen Endgeräten, medizinischer Technik, Elektrowerkzeugen und stationären 

Energiespeichersystemen angewendet wird. Die weltweite Lithium-Nachfrage steigt rasant, 

maßgeblich getrieben durch den Ausbau klimafreundlicher Elektromobilität zur Erreichung 

globaler Nachhaltigkeitsziele. Dem gegenüber steht eine industrielle Gewinnung, welche 

bislang mit erheblichen sozialen und ökologischen Problemen verbunden ist. Konventionelle 

Gewinnungstechniken, wie die Erschließung über Bergbau, der Gewinnung aus Tonmineralien 

oder Salzseen sind energieintensiv, stark wasserverbrauchend und beeinträchtigen teilweise 

empfindliche Ökosysteme erheblich. Insbesondere in stark betroffenen Regionen, wie 

Südamerika, führt dies zunehmend zu politischen Unruhen und massiver globaler Kritik. Die 

Entwicklung innovativer, nachhaltiger Gewinnungsmethoden ist unabdingbar um dem 

steigenden Lithiumbedarf ökologisch verantwortungsvoll gerecht zu werden. Als alternative, 

hochergiebige Quelle bietet sich Meerwasser an, welches mit einer Gesamtmasse von über 

231 Milliarden Tonnen Lithium landbasierte Ressourcen weit übersteigt. 

Diese Dissertation beschäftigt sich mit der (Weiter-)Entwicklung eines solchen alternativen 

Ansatzes zur selektiven Bindung und Gewinnung von Lithium aus geringkonzentrierten, 

wässrigen Ressourcen, in Anwesenheit konkurrierender Ionen. Die Grundvoraussetzung an 

dieses Material ist die Kombination molekularer Selektivität mit materialtechnischer 

Umsetzbarkeit zur Schaffung eines ökologisch und ökonomisch tragbaren 

Extraktionsverfahrens.   

Im ersten Teil dieser Dissertation werden verschiedene Kronenether mittels 

Dichtefunktionaltheorie-Simulationen hinsichtlich ihres Komplexierungsverhaltens gegenüber 

Lithium und konkurrierender Alkali- und Erdalkali-Metallionen wie Natrium, Kalium, Magnesium 

und Calcium untersucht. Unter einer Auswahl an 9-, 12-, und 15-gliedrigen Kronenethern mit 

jeweils einem durch Stickstoff oder Schwefel substituierten Sauerstoffatoms zeigte der 15-

gliedrige thio-Kronenether eine besonders hohe Selektivität gegenüber Lithium. Die 

Simulationsergebnisse wurden experimentell mit aza-15-Krone-5 validiert und bestätigen die 

Eignung rechnergestützter Methoden zur Vorauswahl geeigneter Kronenether-Strukturen. Die 

Notwendigkeit zeitintensiver, kostenintensiver und gegebenenfalls gesundheitsschädlicher 

Synthesemethoden, bei ungewissem Erfolg, wird dadurch drastisch reduziert. Diese 

Erkenntnisse leisten einen grundlegenden Betrag zum Verständnis von Wirt-Gast-Komplexen 

und ermöglichen eine gezielte Optimierung des Systems. 

Der zweite Teil dieser Dissertation widmet sich der praktischen Umsetzung des Konzeptes 

durch eine systematische Entwicklung des funktionalisierten Polymermaterials. Eine 
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amphiphile Block-Copolymer-Matrix aus Polystyrol als hydrophober Hauptteil und 

Polymethacrylsäure als hydrophilen Minoritätsblock (PS-b-PMAA) wurde mit dem 9-gliedrigen 

Kronenether Benzo-9-Krone-3 (B9C3) modifiziert um die Bildung von ML2-typ Sandwich-

Komplexierung mit Lithiumionen zu ermöglichen. Die systematische Variation des 

Polymerisationsgrades, der Länge des hydrophoben Blockes sowie des 

Funktionalisierungsgrades führte zu der Entwicklung eines hochselektiven Systems mit 

optimaler Lithiumbindung. Über Flüssig-Flüssig-Extraktionen in einem Dichlormethan/Wasser-

System sowie dynamischer Lichtstreuung konnte die hohe Effizienz des Systems untermauert 

werden. 

Um näher in den industriellen Anwendungskontext zu gelangen, in dem große 

Lösemittelmengen zur Extraktion weder praktikabel noch nachhaltig wären, wird das System 

im dritten Teil dieser Arbeit in eine feste, lösemittelfreie Form überführt. Die polymere Matrix 

dient dabei als idealer Ausgangspunkt. Drei Verarbeitungsmethoden, die Materialien mit 

hohen Oberflächen-zu-Volumenverhältnissen ergeben, wurden untersucht: Membranen, 

Cubosome und elektrogesponnene Fasern.  

Membranen wurden mittels SNIPS (self-assembly and nonsolvent-induced phase separation)-

Prozess und Cubosome durch Nanofällung hergestellt – beide Verfahren basieren auf 

kontrollierter Selbstorganisation des Blockcopolymers und Phasentrennung. Cubosome 

konnten erfolgreich aus B9C3-funktionalisierten Polymeren produziert werden, wobei die 

Ausbeute mit etwa 200 mg pro Fällungsprozess Optimierungspotenzial bietet. Die Herstellung 

der isoporösen, integral asymmetrischen PS-b-PMAA Membran gelang. Nach erfolgreicher 

Funktionalisierung des PMAA-Blockes mit den aromatischen Kronenethern B9C3 und Benzo-

12-Krone-4 (B12C4) wurde die Polymerselbstorganisation und damit die 

Membranmorphologie jedoch erheblich gestört.  

Die vielversprechendste und in dieser Arbeit erfolgreichste Methode war die Herstellung 

elektrogesponnener Fasern aus funktionalisierten Polymeren. Die Herstellung feiner Fasern 

war sowohl mit B9C3 als auch B12C4 und 12-Krone-4-funktionalsierten Blockcopolymeren 

technisch unkompliziert und skalierbar. Besonders das B12C4-basierte Polymer wies eine 

hohe Lithiumkapazität bei optimaler Selektivität gegenüber Natrium auf. Daraus lässt sich 

schließen, dass bei Fest-Flüssig-Extraktionen ML-Komplexierung gegenüber ML2-

Komplexierungen bevorzugt werden. Dieses Verhalten, bestätigt durch die geringe Lithium-

Komplexierung der B9C3-basierten Fasern, ist eine interessante Abweichung zu dem bisher 

bekannten Verhalten in Lösung.  Im Rahmen dieser Arbeit war es nicht nur möglich nähere 

Einblicke in die molekularen Wechselwirkungen des Systems zu gewinnen, sondern ein 

Material in einer festen, technologisch relevanten Form, mit effektiver Lithium-Komplexierung 

in Anwesenheit konkurrierender Natriumionen herzustellen. 
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2. ABSTRACT 

Lithium is a key raw material for the energy transition and essential for the production of 

lithium-ion batteries—a technology used primarily in electric vehicles, mobile devices, medical 

technology, power tools, and stationary energy storage systems. Global demand for lithium is 

rising rapidly, driven predominantly by the expansion of climate-friendly electric mobility to 

achieve global sustainability goals. This is contrasted by industrial extraction, which has so far 

been associated with considerable social and environmental problems. Conventional 

extraction techniques, such as mining, extraction from clay minerals, or salt lakes, are energy-

intensive, consume large amounts of water, and in some cases significantly impact sensitive 

ecosystems. In severely affected regions such as South America, this is increasingly leading 

to political instability and massive global criticism. The development of innovative, sustainable 

extraction methods is indispensable in order to meet the growing demand for lithium in an 

ecologically responsible manner. Seawater offers an alternative, highly productive source, 

which, with a total mass of over 231 billion tons of lithium, far exceeds land-based resources. 

This dissertation explores the continued development of an alternative approach for the 

selective binding and extraction of lithium from low-concentration aqueous resources in the 

presence of competing ions. The basic requirement for this material is the combination of 

molecular selectivity with material-technical feasibility to create an ecologically and 

economically viable extraction process.   

In the first part of this work, various crown ethers are investigated using density functional 

theory simulations concerning their complexation behavior towards lithium and competing 

alkali and alkaline earth metal ions such as sodium, potassium, magnesium, and calcium. 

Among a selection of 9-, 12-, and 15-membered crown ethers, partially with an oxygen atom 

substituted by nitrogen or sulfur, the 15-membered thio-crown ether showed particularly high 

selectivity toward lithium. The simulation results were experimentally validated with aza-15-

crown-5 and confirm the suitability of computer-aided methods for preselecting suitable crown 

ether structures. This drastically reduces the need for time-consuming, cost-intensive, and 

potentially harmful synthesis methods with uncertain success. These findings make a 

fundamental contribution to the understanding of host-guest complexes and enable targeted 

optimization of the system. 

The second part of this study is dedicated to the practical implementation of the concept 

through the systematic evolution of the functionalized polymer material. An amphiphilic block 

copolymer matrix consisting of polystyrene as the hydrophobic majority block and 

poly(methacrylic acid) as the hydrophilic minority block (PS-b-PMAA) was modified with the 9-

membered crown ether benzo-9-crown-3 (B9C3) to enable the formation of ML2-type sandwich 

complexation with lithium ions. Systematic variation of the degree of polymerization, the length 
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of the hydrophobic block, and the degree of functionalization led to the development of a highly 

selective system with optimal lithium binding. The high efficiency of the system was confirmed 

by liquid-liquid extractions in a dichloromethane/water system and dynamic light scattering. 

In order to get closer to the industrial application context, in which large quantities of solvents 

would be neither practical nor sustainable for extraction, the system is converted into a solid, 

solvent-free form in the third part of this work. The polymer matrix serves as an ideal starting 

point in this regard. Three processing methods that result in materials with high surface-to-

volume ratios were investigated: membranes, cubosomes, and electrospun fibers.  

Membranes were produced using the SNIPS (self-assembly and nonsolvent-induced phase 

separation) process and cubosomes by nanoprecipitation – both methods are based on 

controlled self-organization of the block copolymer and phase separation. Cubosomes were 

successfully produced from B9C3-functionalized polymers, with a yield of approximately 

200 mg per precipitation process offering potential for optimization. The production of the 

isoporous, integrally asymmetric PS-b-PMAA membrane was successful. However, after 

successful functionalization of the PMAA block with the aromatic crown ethers B9C3 and 

benzo-12-crown-4 (B12C4), polymer self-organization and thus membrane morphology were 

significantly disturbed. 

The most promising and successful method in this work was the production of electrospun 

fibers from functionalized polymers. The production of fine fibers was technically 

straightforward and scalable with both B9C3 and B12C4 and 12-crown-4-functionalized block 

copolymers. The B12C4-based polymer in particular exhibited high lithium capacity with 

optimal selectivity towards sodium. This suggests that ML complexation is preferred over ML2 

complexation in solid-liquid extractions. This behavior, confirmed by the low lithium 

complexation of the B9C3-based fibers, is an interesting deviation from the previously known 

behavior in solution.  Within the scope of this work, it was not only possible to gain deeper 

insights into the molecular interactions of the system, but also to produce a material in a solid, 

technologically relevant form with effective lithium complexation in the presence of competing 

sodium ions. 
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3. INTRODUCTION 

 This thesis addresses the sustainable extraction and use of lithium (Li), a strategically 

important element for modern energy storage technologies. The starting point of this 

introduction is an analysis of its physical and chemical properties as well as current extraction 

methods, whose ecological and geopolitical challenges necessitate an urgent search for 

alternative approaches. Subsequently, innovative concepts for environmentally friendly lithium 

extraction are presented, with one specific approach being examined in depth within the scope 

of this thesis. The main part is divided into two thematic areas: Quantum chemical modeling 

of crown ether (CE) cation complexes and polymer-based implementation of the concept in 

the application context. 

In context of publication 1, the structure and binding properties of CEs and their lithium 

complexes are first analyzed. Building on this, an introduction to the theoretical fundamentals 

of density functional theory (DFT) is provided, particularly with regard to geometry 

optimizations and electronic population analyses. 

To emphasize the relevance of polymer-supported systems, the integration of CEs is 

presented as groundwork for publications 2 and 3. The focus is on the synthesis of 

functionalized polymers using controlled radical polymerization, their self-organization in 

solution and in the solid state, and the formation of hierarchical structures. This is followed by 

a discussion of production methods of complex polymer-based structures such as membranes, 

cubosomes, and electrospun fibers.  
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3.1. LITHIUM – VALUE, DEMAND AND RECOVERY 

Li belongs to the group of alkali metals and is characterized (in its pure form) by its silvery-

white color, low density (0.53 g cm-1), small ionic diameter (1.58 Å), and high reactivity. With 

an atomic weight of approximately 6.94 u, Li is the lightest metal and the lightest solid element 

under standard conditions.1–4 In terms of electrochemical properties, Li is distinguished by its 

high electrochemical potential and energy density.4–6 Its ability to store large amounts of energy 

in a compact form is a key reason for its widespread use in Li-ion batteries (LIBs). Its 

application in LIBs has revolutionized energy storage technology, essential for electric 

vehicles, stationary power storage systems for intermittent energy sources (e.g. solar and 

wind), and mobile electronic devices.2,7–9 Therefore, Li is crucial in modern technologies and 

the transition to renewable energy.9 As the demand for such technologies continues to rise, 

the global need for Li also increases. Apart from LIBs, Li applications include ceramics and 

glasses, lubricating greases, air treatment, continuous casting mold flux powders, medical 

applications, polymer production, and aerospace applications.9–11  

3.1.1. LITHIUM IN APPLICATIONS 

Figure 1 illustrates the proportions of the primary Li usage in 2022 and 2024. In addition 

to the remarkably high share of LIBs in the global end-user market of Li of 74% in 2022, the 

tremendous increase in this industry by 13% to 87% within just 2 years illustrates the rapidly 

developing interest in LIBs.9,10 In fact, this even exceeds forecasts that predicted an increase 

to 65% by 2025 just a few years earlier.12  

  

Figure 1: Year-on-year change in the share of Li applications in the global end-user market from 2022 to 2024. 
Created by the author with data from Ref. 9,10. 

Several factors are propelling the use of LIBs. To combat climate change, governments and 

non-governmental organizations have signed a number of agreements that commit to reducing 

global, anthropogenic CO2 emissions. As the two largest sources of greenhouse gases, the 

transportation and power generation sectors are pivotal in attaining these goals. This transition 

towards renewable energies and the corresponding need for high-performance batteries for 
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energy storage is accelerating the emergence of LIBs. In addition, fluctuating prices for fossil 

fuels and escalating geopolitical conflicts in the context of these energy sources are major 

factors in the high demand for LIBs.2,5,7,13  

Li appears in a wide variety of forms in industry. Li aluminum silicates are alloyed with glass-

ceramics to adjust their melting and processing temperatures. The resulting ceramics have a 

high resistance to temperature and thermal expansion, making them particularly suitable for 

elevated-temperature applications such as stoves and ovens. The low expansion coefficient 

of the integrated Li compounds results in higher dimensional stability of the ceramics.1,2,14 Li 

carbonates, hydroxides, and chlorides are added to lubricating greases to improve their 

viscosity. Li-based fatty acids, like palmitic, stearic, oleic, and linoleic acids, assist in 

maintaining the stability of the lubricating grease, enhance water repellence and insensitivity 

to oxygen, enable high-temperature resistance, and consistent lubricity in low-temperature 

ranges.2,15–17 Due to the low weight of Li and corresponding Li alloys with e.g. aluminum, 

cadmium, copper, magnesium or manganese, the latter are used in aeronautical engineering. 

In addition to their low weight, the resulting materials exhibit high mechanical strength and 

corrosion resistance.2,18 Alkyl Li compounds are used in the polymer industry for initiation 

reactions to produce styrene-butadiene rubbers, which in turn are raw materials for tires due 

to their high abrasion resistance.2 Patients suffering from mental health conditions such as 

depression or bipolar disorders are medicated with Li carbonates and Li citrates, in acute 

therapy and as a prophylactic treatment to prevent the recurrence of depressive or manic 

episodes.19,20  
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3.1.2. LITHIUM ION BATTERIES 

LIBs are a key technology in the energy transition and make up the lion's share of the 

Li end-use market. Their role is pivotal in electromobility and in the storage of renewable 

energies. This section provides a more detailed picture of the role of Li in LIBs.2,6,13 The 

approximate mass of Li in different types of LIB applications is shown in Figure 2. 

The mode of action of LIBs is based on the reversible exchange of Li ions between two 

electrodes. Graphite or silicon electrodes, where Li ions can be reversibly intercalated, 

generally serve as the anode material. The absorption capacity of nanostructured silicon is 

thereby considerably greater. A wide variety of Li oxides serve as cathode materials in 

combination with transition metals such as nickel, manganese or cobalt.7 

 

Figure 2:  Overview of the average mass of lithium in a range of lithium ion battery applications. Created by the 

author with data from Ref. 2. 

Depending on the battery type, LIBs have enormously high energy capacities of 120–

200 Wh/kg.7 With a global market share of 37.2%, 29.0% and 21.0% respectively, Li cobalt 

oxide (LiCoO2), Li nickel manganese cobalt oxide (LiNiMnCoO2) and Li manganese oxide 

(LiMn2O4) batteries are dominating the market for LIBs.7 In practice, a combination of several 

transition metals, as in the LiNiMnCoO2 electrode, often proves to be a more cost-effective 

alternative to a pure LiCoO2 electrode.1 The anode and cathode are separated by an electron-

insulating, Li ion-conducting electrolyte. The cell reactions proceed as follows in Figure 3:  

 

Figure 3: Cell reactions and overall reaction in lithium ion batteries.21 
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During the discharge process in this galvanic cell, the Li ions move from the anode (LixCn) 

through the Li ion-conducting electrolyte to the cathode, where they are incorporated into the 

host lattice, the Li1-xMO2 structure. During this oxidation process, electrons are freed and 

migrate via the energy consumer to the anode, where the reduction occurs. The reverse 

process describes the charging process.11,21  

The rapidly growing demand for Li makes it necessary to take a critical look at the Li sources 

and the methods of Li extraction, with particular attention to their environmental impacts and 

geopolitical implications.11,13 

3.1.3. NATURAL OCCURRENCE AND EXTRACTION 

While Li concentrations in the earth's crust are around 17–46 ppm2,22, it is enriched in 

certain geological formations such as pegmatites, salt lakes (salars) and clay minerals. The 

type of deposit determines the choice of extraction method, in turn having a significant impact 

on the environment, energy consumption and economic viability.2 The main natural Li deposits 

and common extraction methods are systematically presented in this section and evaluated in 

terms of their efficiency and sustainability. 

To estimate the global stock of Li, a distinction must first be made between resources and 

reserves. The terminus resources refers to the entirety of all global occurrences of a mineral. 

These can only be potentially mined, including all known and suspected deposits.8,9 

Reserves are the economically viable fraction of a mineral resource, recoverable with current 

mining technologies. They include those parts of the resource that meet both economic and 

socio-economic criteria for extraction.8,9 Irrespective of the type of deposit, which varies 

depending on location, the economically significant Li deposits are globally very unevenly 

distributed. This leads to the monopolization of Li availability by certain countries, which is 

particularly evident in light of the looming Li shortage. This unbalanced distribution can entail 

price manipulation, geopolitical dependencies, barriers to innovation, and a lack of 

environmental and social standards caused by the absence of competitive pressure. The 

global distribution of Li reserves and Li resources (year: 2024) is shown in Figure 4.2,7,11,23,24  
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Figure 4: Distribution of global lithium reserves (total 28 million tons) and resources (total 105 million tons) in the 
year 2024. Created by the author with data from Ref. 9. 

Li deposits can be generally categorized into three main areas:  

1. aqueous deposits such as salars that contain brines with high Li concentrations, 

accounting for 64% of the world's Li deposits,  

2. igneous rocks (e.g. pegmatites), with 26% of global Li share, in which the Li is 

embedded in minerals such as spodumene, and 

3. clay minerals, representing 9% of global Li deposits.2,3,9 

In addition to traditional sources, Li can be extracted from red mud, borate deposits, 

geothermal wastewater, coal and fly ash, mine water, and via the recycling of end-of-life LIBs.2 

For example, there is plenty of potential for development when it comes to the Li recovery from 

disused energy storage devices – currently barely 5% of LIBs worldwide are being 

recycled.25,26 

Aqueous Deposits – The so-called Lithium Triangle is one of the world's most important and 

prominent regions for Li mining. This region in South America spans over 400.000 km2 

including parts of Chile, Argentina and Bolivia. Mining in this area mainly takes place from 

aqueous sources with Li concentrations around 18–1750 mg/L, localized in the high altitudes 

of the Andes, the Salar de Atacama (Chile), the Salar de Uyuni (Bolivia) and the Salar del 

Hombre Muerto (Argentina). Apart from the occurrence of Li, these regions are characterized 

by a hot, extremely dry climate with high annual solar radiation.2,3,23 Extraction from highly 

concentrated, aqueous resources is possible via a range of processes, including evaporation, 

direct precipitation, membrane processes such as nanofiltration, liquid membranes or 
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electrodialysis, solvent extraction, surface adsorption, and ion exchange.ii Solar evaporation is 

presently the most established method of extracting Li from aqueous media due to the arid 

conditions in the main deposits. Therefore, and to enable a better understanding of this type 

of process, an exemplary procedure is presented in the following.2,3  

 

Figure 5: Evaporation process of conventionally mined brines for lithium recovery. Reprinted from Ref. 3, © 2022, 
with permission of Informa UK Limited, trading as Taylor & Francis Group. 

Li-containing brines have formed over millions of years in underground aquifers through 

complex geological and hydrological processes. The brine is pumped to the surface via 

boreholes and transferred to large evaporation basins, as depicted in Figure 5. Over several 

months, the brine concentrates as a result of the intense solar radiation of the arid regions. 

During the evaporation process, various salts of competing ions are gradually precipitated. 

Initially, the salts with low solubilities are removed by precipitation, such as the sodium salt 

halite, the calcium salt gypsum, the potassium-magnesium salt carnallite, the magnesium salt 

bischofite and various carbonates (Ca, Mg, Fe). As a result of evaporation, the Li ion 

concentration rises to up to 6wt%. In order to remove other interfering ions including 

magnesium, calcium and borate trioxide, precipitants are deliberately used to maximize the Li 

concentration in the aqueous medium. Minor premature Li losses occur, for example, through 

the co-precipitation of Li carnallite. Ultimately, Li carbonate is salted out with a purity of up to 

99.9% by adding sodium carbonate. Strongly dependent on initial salt composition, this 

process allows around 50–80% of the Li in the brine to be recovered.3 The benefits of this 

approach are low costs (2000–5700 $/t Li2CO3 and low energy requirements, provided the 

climatic conditions allow solar evaporation. However, the evaporation process is very time-

consuming (several months or years) and large areas are required for the evaporation basins. 

Furthermore, the consumption of fresh water is quite high at 5–50 m3/t Li2CO3, which can lead 

to an increase in water scarcity and subsequent political and ecological problems, especially 

in extremely arid climatic regions. Moreover, this process is not suitable for all aqueous 

media.3,13,23,27  

                                                           
ii Further details can be found in Reich et al. (2023).3 
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Igneous Rocks – The Greenbushes mine in western Australia is one of the largest exploitation 

areas for Li-bearing pegmatitic rocks (total of 1.34 Mt Li), accounting for 42% of the total Li 

supply generated by mining.11,23,28,29 Pegmatite deposits are formed by magma containing 

minerals, which entered the earth's crust millions of years ago through magma chambers, 

slowly began to cool and crystallize. Pegmatitic rocks are not only a source of Li, but also tin, 

tantalum, niobium, beryllium, cesium, rubidium, scandium, thorium, uranium, and rare earth 

metals, with Li contents of 1–4 wt% (10-40 g/kg) and high recovery rates (60–70%).2,7,11,29 The 

Li-containing mineral spodumene (LiAlSi2O6) can be extracted from these pegmatites and is 

characteristic of the occurrences in the Greenbushes mine. A classic extraction process will 

be briefly illustrated on the basis of spodumene. First, the mineral is mechanically ground and 

then calcined at temperatures of >1000 °C. As a result of this process, the unreactive a-

spodumene is converted to the more reactive b-spodumene. Other Li-containing minerals are 

not decrepitated thereby. Acid digestion of b-spodumene is possible, allowing the LiAlSi2O6 to 

react with sulfuric acid at temperatures of 200–300 °C to form the water-soluble Li sulphate. 

The sulfate can then simply be leached out with water and subsequently used or further 

processed into other Li compounds such as carbonates or chlorides.2,23,27,30,31 Compared to 

extraction from brines, this process is significantly faster, more location independent and still 

yields a high Li output. However, the energy consumption and therefore the carbon footprint 

of the produced Li is significantly weaker. With costs around 3000–6000 $/t Li2CO3 the process 

is less economical.23  

Clay Minerals – The third and “newest” method for industrial-scale Li production is extraction 

from sediments and clays. Large deposits of these Li-containing deposits have been 

discovered in Serbia, China, Tanzania and Mexico.23 Li extraction from sedimentary rocks is 

in part similar to the processes applied for extraction from pegmatites. This is demonstrated 

by the patent from Rabe et al. (year: 2020)32. After grinding and suspending the sedimentary 

materials, a Li containing slurry is separated. The Li is dissolved from the sediment by adding 

acid (usually sulfuric acid as in pegmatite processing), precipitates are formed which are 

subsequently removed. Undesired ions (magnesium, potassium, iron and aluminum) are 

removed from the aqueous Li sulfate solution in several steps. These include leaching, 

crystallization via the different solubilities, chemical purification by the addition of calcium 

oxide, soda or oxalic acid and eventually an ion exchange. Finally, a high-purity Li sulphate 

solution is obtained.2,11,32 With high energy costs and complex purification steps, the current 

extraction from clays at 7000-10000 $/t Li2CO3 is the least economical of the presented 

methods for Li extraction. However, as this method is still relatively unexplored, it offers great 

potential for optimization.23,31  

All these processes have in common that they can cause considerable challenges due to high 

energy or water consumption, intensive land requirements or geopolitically sensitive 
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dependencies, which are becoming even more acute in view of the increasing scarcity of Li. 

The development of alternative, sustainable extraction methods is therefore fundamental to 

reducing negative ecological impacts and ensuring the strategic availability of Li.4,13,33 

3.1.4. SUSTAINABLE RECOVERY METHODS 

This chapter contrasts two approaches, intended to contribute to a more sustainable 

recovery of Li: The recycling of spent LIBs and the extraction of Li from seawater. Particular 

emphasis is placed on the latter due to the relevance for this thesis. Additionally, a multitude 

of other unconventional Li resources exist, such as geothermal brines, waste streams, 

submarine deposits and extra-terrestrial materials.11 

Recycling of LIBs – The recycling of spent LIBs is an excellent opportunity not only for 

extracting Li, but also for reducing the increasing pressure on primary resources and 

minimizing waste generation. Given the high quantities of Li in electric vehicles (Figure 2), its 

potential is significant. The economic efficiency of the process is increased by recovering not 

only Li but additional valuable metals such as cobalt, copper, and nickel.  

The method proceeds as follows: The collection of the LIBs is followed by dismantling and 

separation of the components into cathode, anode and electrolyte material.11,13,26,34 The 

hydrometallurgical process involves battery discharge to prevent self-ignition or explosion with 

subsequent fragmentation. After separation by magnetic and density-dependent flotation 

processes, the remaining matter is chemically dissolved via leaching and/or being precipitated 

as salts or oxides.11,26,35 In the pyrometallurgical process, thermal melting (>1200 °C) is 

performed to recover metals (nickel, cobalt, copper, and iron) from LIBs. However, most 

pyrometallurgical processes are not economically suitable for the recovery of Li yet, as Li 

remains in the slag or dust.11 At the same time, research shows that modern pyrolysis 

processes can actually recover Li, which requires a change in large-scale industrial 

processes.4 Responsible handling of the toxic battery components and waste is essential for 

the ecological sustainability of LIB recycling, yet is admittedly lacking, especially in private 

households. The recycling of LIBs represents an excellent opportunity to build a circular 

economy in which resources can be used efficiently and waste minimized.13 However, the 

actual recycling rate remains low due to safety risks, technical complexity, poor sorting 

practices, and high costs (five times as high as brine-based recovery).11,26  

Recovery from Seawater – The extraction of Li from seawater is an interesting and promising 

way of meeting the demand for Li in the long term and in a sustainable manner. The total 

amount of Li in the world's oceans is estimated at 231–260 billion tons, massively exceeding 

the 133 million tons of Li on land. In addition, it is distributed relatively evenly across the globe, 

preventing the formation of monopolies by single countries. However, as Li concentrations in 
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seawater are very low (0.18 mg/L; for comparison: 18–1750 mg/L Li in brines), a highly efficient 

recovery system is required. Conventional methods such as evaporation and precipitation are 

not suitable.8,11,12,36 This problem is exacerbated by the presence of competing ions in 

significantly higher concentrations, such as sodium (10.5 g/L), magnesium (1.3 g/L), calcium 

(0.4 g/L) and potassium (0.4 g/L).8,36 Due to the high relevance of the topic, intensive research 

has been carried out in recent years. This includes research on electrochemical processes 

such as ion pumps, capacitive deionization (CDI – membrane-based or hybrid systems), 

electrodialysis (in combination with ionic liquids, monovalent-selective membranes or bipolar 

membranes) and electrochemically assisted Li extraction using ion sieves (e.g. λ-MnO2). 

Furthermore, a wide range of adsorptive materials is being investigated, including nature-

based minerals (e.g. zeolites, clays and silicotitanates), metal-based lattice structures (e.g. 

aluminum-, manganese-, or titanium-based), metal-organic frameworks (MOFs) such as UiO-

66, HKUST-1, and ZIF-8, organic materials or functional polymers (e.g. polymeric glycidyl 

methacrylate, hydrogels, or polysulfone-graft-4′-aminobenzo-15-crown-5-ether), and supra-

molecular structures (e.g. CE, ion-imprinted polymers, or porous silica).8,36–42 In addition, ion 

sieves (Aluminum Hydroxide, Li Manganese Oxide, Li Titanate, and Li Manganese Titanate 

Oxide), further membrane-based and liquid-phase separation processes, including 

nanofiltration, membrane distillation or crystallization, supported liquid membranes, and liquid-

liquid extraction are possible methods for lithium recovery.8,36  

Besides electrochemically supported methods, absorption processes are one of the more 

promising methods of extracting Li from low-concentration aqueous media due to their high 

efficiency, low environmental impact and high purity of the Li extracted. The requirement for 

this is a high selectivity of the system towards Li, which can be realized by the use of 

supramolecular structures. Supramolecular structures enable selective binding of specific ions 

by targeted molecular recognition. This molecular recognition is based on the specific 

formation of several non-covalent interactions (such as hydrogen bonds, von der Waals forces, 

π–π interactions and coordinative bonds). CEs are a classic representative of this group as 

they are able to selectively complex certain cations, depending on charge and size. Since the 

complexation behavior of CEs is an elementary component of the system presented in this 

work, the following chapter is devoted to this topic.  

3.2. CROWN ETHERS 

The macrocyclic polyethers, first discovered by C. J. Pedersen in 1967, represent an 

outstanding class of molecules. In their shape resembling a crown, they received the term 

Crown Ether, commonly used today. Their preorganized, circular structure of (traditionally) 

several ethylene-oxy units enables the formation of non-covalent host-guest complexes with a 

variety of cations.8,43,44 The CE’s structural variance, including substituents, branches, and the 



 

30 

replacement of oxygen with nitrogen or sulfur, will be discussed. This chapter is intended to 

establish basic knowledge in this field in order to understand the structural characteristics of 

CEs in all their variance, as well as to provide an overview of the opportunities for cation 

complexation.  

3.2.1. FUNDAMENTALS OF CROWN ETHERS 

Pedersen, Lehn, and Cram were awarded the Nobel Prize in Chemistry in 1987 for their 

discovery of the structural class of CE almost 60 years ago. In the study of multidentate ligands, 

Pedersen utilized monoprotected pyrocatechol, comprising a minor portion unprotected 

pyrocatechol. The cyclic ether dibenzo-18-crown-6 (Figure 6) was formed in 0.4% yield as a 

by-product of the Williamson ether synthesis with bis-2-chloroethyl ether. The easily 

crystallizable solid exhibited exceptional solubility behavior. It could not be dissolved in 

methanol until the addition of sodium hydroxide, and potassium permanganate could not be 

completely dissolved in organic solvents such as benzene or chloroform until the addition of 

dibenzo-18-crown-6. Pedersen recognized the potential of the novel macrocyclic structure and 

thus laid the foundation for numerous innovations in chemistry, materials science, and 

biology.43–46 

The total number of ring atoms and the number of heteroatoms in the macrocycle are of critical 

importance regarding the size, bonding properties, and potential applicability of the CEs. With 

the potential for complicated names, the IUPAC-compliant naming of CE structures can be a 

challenge. Therefore, a much more intuitive and simpler naming scheme is used: [number of 

atoms in the ring]-crown-[number of oxygen atoms], (Figure 6).43,45  

 

Figure 6: Structures of crown ethers (CEs) of different ring sizes (12-, 15- and 18-membered) as well as the first 
discovered CE dibenzo-18-crown-6. The numbering is illustrated in color for 12-crown-4 exemplarily (created by the 

author with data from Ref. 47,48). 

The characteristic structure of CE – consisting of hydrophilic heteroatoms and a hydrophobic 

carbon backbone – gives rise to a number of potential applications of CEs. One example are 

phase transfer catalysts. Depending on the solvent environment, the structural conformation 

and spatial orientation of the CEs changes drastically, and consequently, the flexibility, cavity 

size and host-guest binding affinity change as well. Furthermore, CEs are able to form stable 

complexes (so-called coronates) with a large number of cations, whereby the ions are trapped 

in the ring opening of CEs by non-covalent interactions. Thus, CEs can act as carrier molecules 
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transferring cations from one phase to another, immiscible with the former phase, in which 

these cations would not be soluble without support (Figure 7). This effect is not only beneficial 

for circumventing solubility difficulties, but can also have a favorable effect on the reaction rate 

of specific reactions.43,44,49  

 

Figure 7: Phase transfer of Li+ between an aqueous and an organic phase. Dehydration of Li+ enables complexation 

(created by the author). 

A prominent example is potassium fluoride being part of a reaction in which the anion functions 

as a nucleophile. In solution, the fluoride ion is typically present as a closely associated ion 

pair with the potassium cation, which significantly limits its reactivity due to electrostatic 

interactions and solvation. However, once the potassium ion is encapsulated in a CE structure, 

coordination is reduced and the fluoride ion is present as a naked anion – the nucleophilicity 

and thus the reactivity is drastically increased.49 Furthermore, CEs are used in 

chromatographic applications50,51, antibiotics52,53, ion channels54, sensors55,56, electrodes57, 

and membranes58–60. Since cation complexation is of fundamental importance in most 

applications, it is discussed in more detail in the following chapter. 
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3.2.2. CATION COMPLEXATION AND SELECTIVITY 

The selective cation complexation by CEs is based on their specific structural and 

electronic properties. Their preorganized ring-like structure leads to a spatially defined 

arrangement of oxygen donors, which enables optimal cation complexation. Some structural 

characteristics are of key importance for intermolecular host-guest interactions, for example:  

- the size of the CE cavity46,47,61–64,  

- the number and type of donor atoms in the CE46,62–64, 

- the charge and size of the cation (as well as the counterion)46,47,61,63, 

- preorganization46,47,65, 

- conformational flexibility46, 

- substitutions of electron withdrawing or donating groups46,62–64 and, 

- solvation43,45,61,63,65. 

The bond between CE and cation is created by non-covalent interactions, however, these are 

manifold: Electrostatic interactions (cation–anion, ion–dipole, dipole–dipole), hydrogen bonds, 

π interactions (π–π, cation–π, and anion–π), Van der Waal's forces (dispersion and inductive 

effects), halogen bonds (less relevant in this context), as well as hydrophobic or solvophobic 

effects.66 The principle of optimal spatial fit is a central concept for explaining the cation 

selectivity of certain CEs and describes the compatibility of the size ratios of cation and CE 

cavity. Put simply, the better the cation fits into the cavity of the CE, the more stable the 

resulting host-guest complex. To illustrate this, the cavity sizes of a number of different large 

oxa-CEs and the diameters of various mono- or divalent cations are summarized in Table 1.iii 

The term “oxa” refers to the oxygen donor atoms in the ring, the variation of which is discussed 

in section 3.2.3. 

Table 1: Cavity sizes of a number of crown ethers and ion diameters of various mono- and divalent cations. The 
diameters refer to a coordination number (CN) of 6.21,43,47,48 

CE Cavity Size  

/pm 43,47 

Cation Diameter  

/pm 21,48 

Cation Diameter  

/pm 21,48 

12-crown-4 120–150 Li+ 152 Mg2+ 144 

15-crown-5 170–220 Na+ 204 Ca2+ 200 

18-crown-6 260–320 K+ 276 Sr2+ 236 

21-crown-7 340–430 Cs+ 334 Ba2+ 270 

 

A classic example is the high affinity of 18-crown-6 (18C6) for potassium and barium ions. With 

a cavity size of 260-320 pm, the 18C6 CE encloses the potassium ion or barium ion with ion 

diameters (with a coordination number of 6) of 276 pm and 270 pm respectively in an optimal 

                                                           
iii Please note: The cation diameter varies depending on the coordination number CN.  
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spatial fit (Figure 8, A). This almost perfect size complementarity enables highly symmetrical 

coordination of the ions by the donor atoms, which results in the formation of stable non-

covalent interactions. These contribute significantly to the enthalpy of complex formation and 

increase the thermodynamic stability of the resulting host-guest complex. This behavior is 

particularly pronounced in complex formation with the double-charged barium ion, whose 

charge density significantly exceeds that of the potassium ion, yet the ion diameter is almost 

identical. The improved electrostatic interactions with the negatively polarized donor atoms of 

the CE result in a strong complex structure.43,46,47,65      

 

Three effects are of central importance for cation-CE complexes – the chelate effect, the 

macrocyclic effect, and the cryptate effect. The chelate effect describes the improved complex 

stability of multidentate ligands compared to ligands with fewer ligation sites.45,48,65,67 The 

reasons for this include the entropy gain when replacing several ligands with a single ligand, 

the forced spatial proximity of the ligands, and the formation of stable chelate rings. An 

example for the macrocyclic effect is cyclam (tetraaza-14-crown-4), exhibiting a three orders 

of magnitude higher complex stability compared to its noncyclic analogue 2,3,2-tetramine.45,48 

Owing to their reduced degrees of freedom, macrocycles exhibit a lower entropy loss during 

complex formation than open-chain analogues. In addition, they are often less solvated, which 

renders desolvation energetically more favorable and promotes complex formation 

enthalpically. Complex formation can be further enhanced by the so-called cryptate effect – 

closely related to the chelate effect. The integration of a bridging arm with additional 

coordination sites creates a so-called cryptand, which forms a three-dimensional cage system. 

This enables particularly effective confinement of the cation.45,46,49 In fact, these preorganizing 

effects are very conducive to CE synthesis. Interestingly, cations are often added to the 

synthesis that correspond in diameter to the cavity size of the desired CE. By preferential 

arrangement of the reactants around this cation, the synthesis of the desired macrocycle is 

usually far more effective than in the absence of such an ion.46 

 

The structural flexibility of the CE allows the formation of complexes with cations whose 

diameter exceeds or falls below the cavity size of the CE, due to conformational distortion. If 

the cation diameter exceeds the cavity size of the CE, the cation can be forced out of the ring 

plane and be localized above or below the CE (Figure 8, B). If the cation diameter is too small 

for an ideal spatial fit, a partial (Figure 8, C) or complete (Figure 8, D) distortion of the CE 

framework towards increased coordination leads to better donor-acceptor interactions. This 

gain in enthalpy can compensate for the conformational tension.43 
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Figure 8: Schematic diagram of mononuclear complex structures. The crown ether (CE; black line) ideally encloses 
the cation (turquoise sphere; A), the cation can be located outside of the CE plane (B), the CE can be distorted and 

partially (C) or completely (D) enclose the cation (created by the author with data from Ref. 43). 

In addition to this classical single complexation of the ML (M=metal, L=ligand) type, dinuclear 

complexes of the M2L type (Figure 9, left) can be formed if the cavity size exceeds the ion 

diameter by a multiple. Building on the complex B (Figure 8), a second CE is able to coordinate 

to the exposed side of the “oversized” ion. Complexes of this ML2 type (Figure 9, middle), in 

which the ion is enclosed by two CEs, can be referred to as sandwich complexes. Extending 

this stacking by another layer (Figure 9, right), more complex structures such as M2L3 

complexes can be built, which are termed “club sandwich complexes”. Two ions are 

coordinated by two terminal ligands and a central bridging ligand.33,43,48,62,65  

 

Figure 9: Schematic representation of dinuclear complexes M2L, sandwich complexes ML2 and club-sandwich 
complexes M2L3 (black line = crown ether (L), turquoise sphere = cation (M); created by the author with data from 
Ref. 43,65). 

This is illustrated by an example that is of particular relevance in the context of this work: 

Compared to other CEs, 12C4 or 14-crown-4 (14C4) have a high affinity for Li ions, which is 

due to the almost ideal size ratio of CE cavity to Li ion diameter. However, these CEs are also 

capable of coordinating larger ions such as sodium or potassium, as part of a distorted 

structure or ML2 sandwich complexation. The latter is enthalpically favored by the increased 

number of donor-acceptor interactions.33,59,68,69 Since this work is essentially addressing the 

efficiency of Li ion-selective systems, the question arises regarding maximizing selectivity 

towards other alkali metal ions. One possible approach is the introduction of sterically 

demanding substituents to the CE structure in order to suppress the coordination of more than 

one of these ligands.69,70 An alternative and particularly interesting approach is the targeted 

utilization of sandwich complexation through the use of smaller CEs such as 9-crown-3 (9C3). 

9C3 forms ML2 complexes with Li ions, the coordination of larger ions is virtually eliminated by 

the small cavity. The result is an effective selectivity mechanism benefiting Li ions. The ion 

selectivity of some CEs (9- to 18-membered) with respect to the alkali metal ions Li, Na and K 

based on the size fit criterion is shown in Figure 10. 
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Figure 10: Visualization of the size fit criterion: Crown ethers of different sizes (9C3, 12C4, 15C5, and 18C6) with 
lithium, sodium, potassium, and cesium ions. ML or ML2 complexes are formed (created by the author with data 
from Ref. 43,71,72). 

The attentive reader will certainly wonder whether there is a conflict with the formation of ML 

structures with the divalent beryllium ions (ion diameter 54 pm for CN 4).73 This would indeed 

be conceivable, but is neglected in the context of this work, as the concentration of beryllium 

ions in seawater is insignificantly small at around 2–30 pM.74 A greater selectivity problem is 

posed by the magnesium ion, which is very similar to Li in diameter (144 pm) but, as in the 

potassium-barium comparison, has a higher charge density due to its divalence.75 This 

problem is addressed in particular in publication 1.  

   

3.2.3. STRUCTURAL VARIANTS OF CROWN ETHERS 

Traditionally, the classical structure of a CE is often considered to be the crown-like, 

cyclically alternating arrangement of ethylene groups and oxygen units. However, the 

structural variety of CEs is far more diverse. A comprehensive description of these (and their 

terminology) is beyond the scope of this thesis, but some important examples will be 

highlighted including the specific effect of the ligands on the coordination of Li ions.iv 

A comparatively simple but effective modification of CEs is the exchange of heteroatoms in the 

macrocycle. Classically, oxygen atoms are substituted with nitrogen, sulfur, or phosphorus in 

order to tailor the electronic properties and coordination preference of the ligand. The 

nomenclature of such CEs follows the subsequent rules: The number of substituted 

heteroatoms is indicated by numerical prefixes (di-, tri-, tetra-, etc.), the type of heteroatoms 

                                                           
iv Further information regarding the nomenclature of CEs can be found in the literature.46,48,195 
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by the Hantzsch-Widman nomenclature as heteroatom prefix (aza=N, oxa=O, or thia=S; e.g., 

1,10-diaza-18-crown-6 in Figure 11, A). This strategy is of central importance in publication 1, 

in which, inter alia, the Li selectivity of mixed donor CEs of different diameters was investigated. 

Based on the concept of Hard and Soft Acids and Bases (HSAB), the selectivity towards 

different cations can be specifically influenced by replacing one or more donor atoms in the 

ring. The general idea is that “hard” ions with low polarizability are most efficiently coordinated 

by similarly “hard” donors. “Softer”, more polarizable ions with low charge density are 

correspondingly better coordinated by donors that are “softer” and have a higher polarizability. 

For example, the “harder” K+ is preferentially complexed with 18C6, while a donor substitution 

with only two nitrogen or sulfur atoms leads to a more favorable complexation of Ag+ or 

Pb2+.43,45,46,48,76,77 

 

Figure 11: Schematic representation of various crown ethers with structural characteristics (highlighted in turquoise) 
of a heteroatom substitution by nitrogen (A, 1,10-diaza-18-crown-6), an aromatic substituent (B, benzo-18-crown-
6), an N-pivot Lariat ether (C), and a cryptand (D, [2.2.2] cryptand; Created by the author with data from Ref. 46,48,69). 

Introducing substituents to the basic CE structure greatly expands the structural diversity of 

supramolecular systems and allows tailoring of CEs to specific applications. Depending on the 

desired reactivity, electron density, functionality, conformation, steric requirements, suitable 

substituents can be chosen to achieve the desired motif.  An example is the introduction of 

one or more benzene substituents (Figure 11, B), which serve as sites for covalent attachment 

and enable aromatic interactions. Benzene rings also stabilize the structure by reducing the 

polyether ring's flexibility, which can affect cation selectivity. For instance, Swain et al. showed 

12C4 and B12C4 had similar Li+/Na+ recovery ratios in extraction experiments, while 14C4 

demonstrated a 4-fold higher Li selectivity compared to its aromatic analogue benzo-14C4.33 

The smaller Li fits well with the 12-membered CEs, but requires a slight conformational change 

with the 14-membered CEs, likely limited by the rigid benzene substituent. Additionally, 

electron-shifting substituents on the benzene ring can modulate the CE affinity for specific 

cations. The substituents are named according to classical nomenclature and prefixed to the 

CE name.33,43,46–48,78  

Another structural variation of the classical CE structure is the lariat ether, a term introduced 

by G. Gokel in 1980.79 The name derives from the long side chains covalently bound to the CE 
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framework (Figure 11, C). The designation N-pivot or C-pivot specifies the connecting atom. 

These lariat-like arms, often functionalized, extend into or over the ring and can support cation 

complexation, increasing both the stability and the selectivity of the host-guest complex. For 

example, Wakita et al. synthesized a variety of Li-selective C-pivot lariat ethers bearing an 

electron-donating side arm. In particular, the introduction of a quinolinyloxy pendant to 13-

crown-4 was very successful in terms of selective Li coordination.80 Lariat ethers with two or 

three branches are also known from literature to be bibracchial or tribracchial lariat 

ethers.46,69,79,81–83  

Cryptands, which are already known from the introduction of the cryptate effect in section 3.2.2, 

build exceptionally stable complexes. As a reminder, these CE structures have a lateral chain 

that bridges the cavity and contains donor functions for the coordination of cations. 

Coordination in three spatial dimensions enables multiple enthalpically favored ligand-cation 

interactions. Unlike lariat ethers, cryptands are not kinetically inhibited, as the interacting arm 

is fixed on both sides of the CE. The cryptand acts as a pre-organized, macrocyclic ligand that 

encapsulates the cation in a cage-like structure, enabling particularly stable complex formation. 

The nomenclature of the cryptands is given by the prefix [x,y,z] where x, y and z represent the 

number of ethyleneoxy units of the linker arms.43,45–48,83 This is illustrated in Figure 11, D. For 

example, the cryptand [2.1.1] with a cavity size of 150–168 pm provides the perfect binding 

cavity for the Li ion with very high selectivity towards sodium or magnesium ions. By completely 

enclosing the ion, interactions are maximized and the cryptate effect can be observed, since 

the complex stability is 200 000 times that of 12C4.83 In order to embed cations as effectively 

as possible in the CE, it would therefore appear reasonable to utilize cryptands. However, 

identifying a suitable mechanism for the decomplexation of the cation, as would be necessary 

for a reusable material, is significantly more challenging. For this reason, conventional CEs 

were utilized in this study. 

3.2.4. QUANTIFICATION OF COMPLEX STABILITY 

In the previous section, the suitability of CEs as Li absorbers from aqueous media was 

described. The terms efficiency and selectivity were used. However, the question arises 

concerning the quantitative description of these parameters. For this purpose, two quantities 

are to be introduced, the equilibrium constant K and the capacity q. K was determined in 

publications 1 and 2, q in publication 3. 

A typical set-up of a liquid-liquid extraction (LLE) is shown in Figure 12 to provide a better 

understanding of the process and to demonstrate the calculation of K and q. An organic 

solution (usually in dichloromethane (DCM)) of the CE or CE-containing material is overlaid 

with an aqueous solution of a Li salt (here lithium 3,5-diiodo-salicylic acid (LIS)). The phase 

interface is enlarged by mechanical mixing. Through interaction of the CE and the Li ion, the 
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hydrate shell is partially or completely removed and the ion is coordinated by the CE. The Li 

ion is transferred into the organic phase along with the UV active anion. After the termination 

of mixing and complete phase separation, the aqueous phase is analyzed via UV-Vis 

spectroscopy.62,71,84  

 

Figure 12: Liquid-liquid extraction for the quantification of the complexation of lithium ions from aqueous media with 
subsequent UV-Vis measurement of the aqueous phase to determine the concentration of 3,5-diiodo salicylate 
(created by the author according to Ref. 62). 

A typical complex formation of CE and metal salt can be described by Scheme 3.2.1, where M 

is the metal of charge z and Y is the counterion of charge v. i, y, and n are the stoichiometric 

factors of metal ions, counterions, and CEs respectively.62,71 

 (iM)z++(yY)v-+nCE→(MiCEn)
iz+(Yy)

yv-
 3.2.1 

The equilibrium constant K (or complexation constant) can be determined from the law of mass 

action. For the reaction presented, this equation corresponds to equation 3.2.2. The 

concentration of the complex formed (MiCEn)
iz+(Yy)

yv-, the formal concentrations of metal ion 

(corresponding to the concentration of the counterion), and the concentration of the CE must 

be known. In order to calculate the effective concentration from the formal concentration of the 

ions, the ion concentrations must be weighted by the ion activity (activity coefficient a±). This 

can be calculated with the Davies equation for highly concentrated solutions (>0.5 mol L-1). 

However, since in this work highly diluted solutions were used, the calculation of a± is carried 

out using the simplified Debye-Hückel equation, which is suitable for low ionic strengths (up to 

0.01 mol L-1), as in equation 3.2.3 with the stoichiometric factor Q, the mean activity coefficient 

γ±, and the concentration c.66,85,86  
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 K=

[(MiCEn)
iz+Yy

yv-
]

a±∙[M
z+
]
i
∙[Y

v-
]
y
∙[CE]n

 3.2.2 

  

a±=Q∙γ
±
∙c 

 

3.2.3 

Q can be calculated via equation 3.2.4, applying the stoichiometric factors of the ions, i and y. 

γ± is calculated by equation 3.2.5, applying the ionic charges of the salt, the ionic strength Is, 

and the dimensionless factor A, whereby A is 0.509 for water under standard conditions. Is can 

in turn be calculated from equation 3.2.6.66,87  

 
 Q=(i

i
·yy)

1
i+y 3.2.4 

 γ
±
=10

-A|z+·v-|·√Is 
 3.2.5 

 √Is=∑ c·z+·v-

i

 3.2.6 

With the equation 3.2.4, 3.2.5, and 3.2.6, equation 3.2.2 can be transformed to equation 3.2.7, 

with γ+
 and γ- formally representing the activity coefficients of the cations and anions 

respectively. In practice, however, γ± is inserted.66 

 
 K=

[(MiCEn)
iz+Yy

yv-
]

Q∙γ
+
·[Mz+]

i
∙γ

-
·[Yv-]

y
∙[CE]n

 3.2.7 

The initial concentrations (indicated by the index “bc”) of the salt [Mi
z+Yy

v-]bc and the CE [CE]bc 

are known, whereas the equilibrium concentrations must be determined. This is accomplished 

by a calibration that includes the targeted range of salt concentrations. According to Lambert-

Beer's law in equation 3.2.8, the absorbance of the UV active anion scales linearly with its 

concentration, with the absorbance A, the initial light intensity I0, the intensity of the transmitted 

light I1, molar extinction coefficient ελ, and the path length d.85,88  

 
 A= log (

I0

I1
)=ελ∙c∙d  3.2.8 

From the linear equation of calibration, the salt concentration at equilibrium after the extraction 

(characterized by the index “ac”) [Mi
z+Yy

v-]ac can be calculated by measuring the absorbance. 

The concentration of the UV active counterion corresponds to the concentration of the Li ion 

by equimolarity. The concentration of the complex [(MiCEn)
iz+Yy

v-]ac can be determined via 

equation 3.2.9. The equilibrium cation concentration [Mi
z+]ac, anion concentration [Yy

v-]ac, and 

CE concentration [CE]ac are calculated with equation 3.2.10, 3.2.11, and 3.2.12, respectively.66 
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 [(MiCEn)
iz+Yy

yv-
]=[complex]=[Mi

z+
Yy

v-
]
bc

-[Mi
z+

Yy
v-
]
ac

 

 

3.2.9 

 

 [Mz+]
i
=[Mi

z+
Yy

v-]
bc

-i·[complex]i 

 

3.2.10 

 [Yv-]
y
=

y

i
·[Mi

z+
Yy

v-]
bc

-y·[complex]y 

 

3.2.11 

 

 [CE]n=[CE]bc-n·[complex]n  

 

3.2.12 

Both the complexation efficiency of the free CEs and the fixed CEs can be defined not only by 

K, but also by the capacity q. qCE refers to the amount of Li that is complexed per amount of 

CE nCE and is calculated using equation 3.2.13 with V, the volume of solution. In the presence 

of a matrix, it is advisable to specify a capacity related to the mass of the material qpoly by 

equation 3.2.14.89,90 The index “poly” results here from the material used. 

 
q

CE
=
([M

z+
]
bc

- [M
z+
]
ac
)V

nCE

 

 

3.2.13 

 

 
q

poly
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z+
]
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z+
]
ac
)V

mpoly

 

 

3.2.14 
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3.3. COMPUTATIONAL METHODS IN QUANTUM CHEMISTRY 

In addition to the previously described experimental methods for assessing complex 

stability, quantum chemical calculations offer an additional possibility for the systematic 

evaluation of host-guest complexes. This approach is explained in more detail in the following 

chapter and especially important for publications 1 and 3. A brief introduction to the basic 

concepts of quantum chemistry is followed by a description of density functional theory (DFT), 

which serves as a central tool for calculating electronic structures and analyzing molecular 

stabilities.91 

The legitimate question arises as to what advantage a theoretical model offers over 

experimental methods that accurately represent real systems. This question is easily answered 

with regard to several aspects: Firstly, compared to experiments, computational chemistry 

modulations are generally more cost-efficient and significantly less time-consuming. 

Particularly when modeling novel molecules or materials, computational methods enable a 

detailed insight into structural and electronic properties without the limitations of synthetic 

restrictions, molecular instabilities or toxicological risks.  In addition, simulated conditions allow 

specific variation of individual parameters (such as temperature, solvent environment, charge 

due to pressure), which is only possible to a limited extent experimentally. At the same time, it 

must always be borne in mind that the calculated results are model-based approximations that 

do not provide absolute values, but can be very useful for making theoretical predictions and 

gaining mechanistic insights. The choice of computational chemistry approach depends 

strongly on the aim of the calculation, the system's size and, in particular, the available 

computational resources. With a limited amount of time and resources, semi-empirical 

methods offer fast estimation of large molecules at the expense of accuracy, compared to ab-

initio methods such as Hartree-Fock that offer higher accuracy without the use of empirical 

parameters. Due to the higher computational effort, these are popular for fundamental 

research on smaller molecules. DFT has established as an all-round method for numerous 

chemical systems, with moderate computational effort and high accuracy. However, the 

accuracy of the result is strongly dependent on the suitability of the selected functional. In fact, 

DFT is especially suitable for the calculation of CE–cation complexes.63,92–95   

  

3.3.1. QUANTUM MECHANICAL BASICS 

With the wave function ψ of a quantum mechanical system, all physical properties of 

this system can be determined as eigenvalues of the corresponding operators. For example, 

the total energy of the system E is obtained from the Hamiltonian Ĥ. The central equation of 

quantum mechanics, the Schrödinger Equation (SE), describes how the quantum state of a 
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physical system changes with time, or, in the case of the time-independent SE as shown in 

equation 3.3.1, the resulting energy states of the system.96–99  

 

 Ĥψ=Eψ 3.3.1 

 

Ĥ for a many-body-problem (with the electrons e and the nuclei K) is given in equation 3.3.2. 

As a physical simplification, the internal structure of the nuclei, made up of protons and 

neutrons, can be neglected. The electrons and nuclei are therefore approximated as point 

charges.96,97,99,100 
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 3.3.2 

 

h (with ℏ=h/2π) is the Planck constant, m and M describe the mass of the electron or nucleus. 

N and K are the numbers of electrons and nuclei in the system. R and Z refer to the coordinates 

or charges of the nucleus I, and r refers to the coordinates of the electron i. The definition of 

the charge of the electron is redundant. Basically, five terms can be defined separately, the 

first two of which describe the kinetic energy of the electron Te or nucleus TK. The following 

terms consider the potential energy of the electron-electron interaction Vee, the nucleus-

nucleus interaction VKK, and the electron-nucleus VeK interaction. Since protons have a 

significantly higher mass than electrons, the motion of the nuclei is negligible to a first 

approximation. The electrons therefore move in a static field of positive point charges. As a 

result, TK is omitted and VKK is considered constant. This simplification is known as the Born-

Oppenheimer approximation and represents a fundamental approximation of quantum 

chemistry.91,97,99,100  

 

The Born-Oppenheimer approximation leads to the electronic Hamilton operator Ĥel according 

to equation 3.3.3. By applying Ĥel, the total energy of the system Etot is obtained by adding the 

constant Coulomb repulsion VKK to the resulting electronic energy Eel (equation 3.3.4). This 

allows a separation into the electronic SE in equation 3.3.5 with the electronic wave function 

ψel, and a nuclear SE.96,97,99 

 Ĥel=T̂e+V̂ee+V̂eK 3.3.3 

  

Etot=Eel+VKK 

 

3.3.4 
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 (Ĥel+ V̂KK⏟ ) ψ
el

constant

=Etot ψel
 3.3.5 

   

The electronic SE can be solved as a function of R for different molecular conformations of the 

same molecule. If the resulting energies are represented with respect to R, a potential energy 

hypersurface is obtained.91,97 As the Born-Oppenheimer approximation is based on the mass 

gap between electrons and nuclei, the heavier the atoms in the system, the more accurate it 

becomes. It therefore represents a good simplification of the complex many-body problem, as 

the electronic Schrödinger equation can be determined for fixed nuclear positions.  However, 

the exact solution of the electronic Schrödinger equation of an N-particle system remains 

computationally very complex. This is particularly the case with an increasing number of 

electrons, since the wave function generally depends on 3N spatial coordinates.91,97 

To solve the time-independent SE, ab initio methods such as Hartree-Fock theory can be 

applied. The wave function of the many-body system is approximated by a Slater determinant, 

which in turn is constructed from several single-electron wave functions. The Slater 

determinant fulfills the physical requirements for a multi-electron wave function with regard to 

the Pauli principle and Pauli prohibition. Whereas the exchange interactions are explicitly 

considered in this approach, the electron correlation term of the energy is neglected.  As a 

result, the calculated energy deviates strongly from the exact ground-state energy of the 

system. At this point, the density functional theory (DFT) approach provides an alternative 

approach that incorporates electron correlation effects more effevtively.91,97,100 

3.3.2. DENSITY FUNCTIONAL THEORY (DFT) 

The fundamental idea of density functional theory (DFT) is to determine a system's 

energy from the electron density, instead of the wave function. This approach enables the 

electronic properties of many particle systems to be calculated efficiently. The density 

functional E[ϱ]  defines the dependence of E on the electron density ϱ  according to 

equation 3.3.6. 

 E=E[ϱ] 3.3.6 

 

Previously, an N-electron system was described using the many-body wave function 

 Ψ=Ψ(r⃗1,…,r⃗N) (with three spatial coordinates r⃗ for each electron). By introducing the electron 

density, the N-electron problem with 3N (or 4N) v spatial variables is reduced to a three-

dimensional problem with the variables r⃗  and ϱ⃗⃗⃗, thus considerably reducing the complexity of 

the problem. The electron density determines the probability of finding an electron at a certain 

                                                           
v Furthermore, the spin s⃗⃗ can be considered as a coordinate of the electrons. If this is considered, Ψ depends on 

4N spatial variables.96,101  
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point r⃗1within a volume element dr⃗1. This is accomplished by integration over all coordinates, 

except r⃗1, according to equation 3.3.7.91,96,97,101 

 
 ϱ(r⃗1)=N∫|Ψ(r⃗1, r⃗2, r⃗3,…,r⃗N)|

2
dr⃗2, dr⃗3, …,dr⃗N 3.3.7 

 

DFT is based on the Hohenberg-Kohn theorems established by P. Hohenberg and W. Kohn in 

1964. These formulate a system of interacting particles in an external potential Vext, resulting 

from electron-nucleus interactions and any external fields.102 

Hohenberg-Kohn theorems 

The first Hohenberg-Kohn theorem states that, for a given ground state density of a multi-

particle system, there is a uniquely determined external potential. Thus, the ground state wave 

function and all physical properties of the system are clearly given by this density. The ground 

state electron density therefore contains all the information about the system. There is an 

unambiguous relationship between the ground state density and the ground state function 

resp. the external potential according to equation 3.3.8 and 3.3.9. 

  

 ϱ(r⃗)↔Ψ=Ψ(r⃗1, r⃗2, r⃗3,…,r⃗N) 

 

3.3.8 

  

 ϱ(r⃗)↔Vext(r⃗) 

 

3.3.9 

 

The second Hohenberg-Kohn theorem applies the principle of variation (equation 3.3.10): A 

universal energy functional exists on which the exact ground state energy depends. The 

universal functional gives energies for test densities that are higher than or equal to the exact 

ground state energy. The minimum energy is found if the test electron density equals the exact 

ground state density.91,97,98 

  E[ϱ(r⃗)test]≥E0 3.3.10 

 

The total energy E of the multi-electron system (equation 3.3.11) consists of the kinetic energy 

of the electrons ET, the interaction energy of the electrons with the nuclear field EV, the electron-

electron (Coulomb) interaction energy EJ and their exchange energy EX. EC denotes the 

correlation energy resulting from electron correlation that are not captured by the model of the 

independent particles.97 

 E=ET+EV+EJ+EX+EC 3.3.11 
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These considerations are valid not only for ideal but also for non-homogeneous (realistic) 

electron density distributions. In contrast to wave function-based methods, the exact density 

functional already contains the electron correlation, which in turn leads to significantly more 

accurate results. The difficulty, however, remains in the fact that the exact form of the functional 

and the true electron density are unknown. Despite these uncertainties, the high accuracy of 

DFT results is indisputable.91,96–98,103 Exact expressions can be defined for the classical 

potentials,  EV and EJ, whereas this is more challenging for the non-classical terms. The Kohn-

Sham (KS) formalism provides suitable approximations for the exact energy functional that 

relates the energy to the electron density. 

Kohn-Sham formalism 

 E[ϱ]  can be separated, as in equation 3.3.12, into a system-dependent part (external 

potential) and a system-independent part, which includes the kinetic energy of the non-

interacting electrons, the classic Coulomb term and the exchange-correlation energy. 

 
 E[ϱ]= T[ϱ]+Vee[ϱ]⏟        +

system-independent

∫ Vext(r⃗)ϱ(r⃗)dr⃗⏟        
system-dependent

 
3.3.12 

 

 

Suitable expressions must be found to approximate these system-independent parameters. 

The fundamental premise of the orbital-based KS-DFT introduced by W. Kohn and L. J. Sham 

in 1965 is the replacement of the real system of N interacting by a virtual system of N non-

interacting electrons. However, the ground state electron densities of both systems are 

identical. The ground state functions of the virtual system can be defined as Slater 

determinants. These consist of several (N) one-electron equations, the so-called Kohn-Sham-

orbitals ψk. The system’s electron density results from the sum of the electron densities of 

these KS orbitals according to equation 3.3.13.97,99,100 

 

 ϱ(r⃗)=∑e|ψk(r⃗)|
2

N

k=1

 3.3.13 

 

Therefore, explicit expressions exist for the kinetic energy functional (as an approximation of 

the exact kinetic energy of the virtual system) and for the Coulomb functional. These can be 

calculated directly from the KS orbitals or the electron density. However, all contributions to 

the total energy that cannot be explicitly defined via the KS system – for example, the exchange 

and correlation energies of the electrons, which are present in the real system – are 

summarized and modeled in the so-called exchange-correlation functional Exc[ϱ].97,99,100  
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3.3.3. EXCHANGE CORRELATION FUNCTIONAL  

The KS equations therefore allow an exact description of the system if the exchange-

correlation functional was known. The functional of the total energy corresponds to 

equation 3.3.14. 

 
 E[ϱ]=Ts[ϱ]+J[ϱ]+EXC[ϱ]+ ∫ Vext(r⃗)ϱ(r⃗)dr⃗⏟        

system-dependent

 3.3.14 

 

Ts[ϱ] describes the functional of the kinetic energy of the virtual system, the functional J[ϱ] 

contains the coulomb fractions of the electron interactions. EXC[ϱ] contains the small deviation 

of the kinetic energy of the real system from the reference system. The major part is contributed 

by the exchange energies (Pauli principle) and the correlation energies of the electron 

interactions.97,99 

Based on this expression, the aim is to find the ideal exchange-correlation functional for the 

description of the system. Various approximations of the exact EXC[ϱ] have been published, 

all of which differ in accuracy and complexity. A brief estimation of these different levels of 

approximation, is given in Figure 13. The so-called Jacob’s Ladder is largely established, 

although new studies offer a deviation from that estimate. For example, Mardirossian et al. 

published a more exact estimation of around 200 functionals.104 When considering Jacobs 

ladder as a conceptual framework for classifying functional complexity, it provides a good 

assessment. 

 

Figure 13: Jacob’s ladder, proposed by J. Perdew, illustrating the hierarchy of different generation density functional 
theory (DFT) functionals. From “Earth of Hartree”, the accuracy of the functionals is increasing from simple local 
density approximation (LDA), the generalized gradient approximation (GGA), the meta GGA), the hybrid GGA and 
the hybrid meta GGA, and finally the double hybrids. Theoretically, maximum accuracy is achieved at the end of 
the ladder, the „DFT Heaven of Chemical Accuracy“. For each level, example functionals are given. B3LYP is 
highlighted due to its application in this work (created by the author according to Ref. 96,105,106). 
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The Local Density Approximation (LDA), which assumes that the exchange correlation energy 

is a function of the local electron density, has the highest simplicity. The Generalized Gradient 

Approximation (GGA) includes both the local density and the density gradient, the meta-GGA 

extends over the kinetic energy density or the Laplacian. The B3LYP functional approximated 

by the hybrid GGA (H-GGA) combines GGA functionals (such as Becke and Lee-Yang-Parr) 

with a fraction of exact Hartree-Fock exchange energy and is one of the most popular 

approximations for the exact EXC[ϱ]. The highest level of accuracy is achieved by double-

hybrids, which also take into account virtual orbitals and explicit electron correlation.96,107–109 

Nevertheless, the decision on the EXC[ϱ] depends on the problem under consideration, as 

there is no generally applicable functional. 

In order to find the ground state electron density ϱ(r⃗), a self-consistent solution cycle (self-

consistent-field SCF) is applied, shown schematically in Figure 14. In this iterative algorithm, 

Veff is obtained from an initial, estimated electron density ϱin(r⃗). As a result of solving the KS 

equations, a new electron density ϱout(r⃗), is obtained. If the difference between ϱin(r⃗) and 

ϱout(r⃗)  is found to be significant, the cycle is repeated, otherwise self-consistency is 

reached.97,99,100,107 

 

Figure 14: Self-consistent field (SCF) cycle for the solution of the Kohn-Sham equations (created by the author 
according to Ref. 107). 

The KS orbitals can be approximated by different basis sets. Gaussian-type orbitals (GTOs) 

are typically used for this purpose, as the combination of several GTOs provides a very good 

approximation of the exponentially decreasing radial parts of atomic orbitals. Consideration of 

the problem is also elementary when selecting the basis set, as the suitability depends strongly 

on the system.96,110 The basis set of highest complexity used in this work is the def2-TZVP. 
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Variations in basis sets will be explained in more detail with reference to def2-TZVP. Def2-

TZVP is a modernized version of the def basis set developed by Weigend and Ahlrich. It 

describes the valence orbitals with three functions (Triple-zeta, TZ), with a focus on the 

accurate description of the valence electrons (V). Additional functions are employed for the 

consideration of polarization (P) of the orbitals in chemical bonds.110–112 

3.3.4. GEOMETRY OPTIMIZATIONS 

Geometry optimizations are a central step in quantum mechanical calculations for 

determining the most energetically favorable structure of a molecule in a certain state. As 

outlined in section 3.3.1, molecular structures can be described based on the BO 

approximation with fixed nuclear coordinates. A molecule of a certain structure and electronic 

status has a certain energy. If the structure is varied iteratively (Figure 15), this changes the 

energy. A potential energy surface (PES) is obtained which formally depends on 3K–6 (or 3K–

5 in the case of linearity) independent coordinates, corresponding to the number of nuclear 

degrees of freedom.97,100 

  

Figure 15: Illustration of a potential energy surface (PES). Several saddle points and local minima are visible. 
Reprinted and adapted with permission from Ref. 113. Copyright 2021 American Chemical Society. 

The energetic minimum on the PES corresponds to the most stable structure. To ensure that 

it is a global and not just a local minimum, the absence of imaginary frequencies is confirmed 

by frequency calculations. For the optimization, gradient methods are used to indicate the 

direction of the coordinate variation according to the negative gradient of the energy. 

Newtonian or quasi-Newtonian methods are used as numerical optimization methods for the 

iterative adjustment of the nuclear coordinates. In both cases, the second derivative of the 

energy (Hessian) is analyzed. Newtonian methods calculate this explicitly, which makes them 

accurate but more computationally intensive than quasi-Newtonian methods, which merely 

approximate the Hessian. In addition to the minimum, other points on the PES are also of 

interest, such as saddle points, which correspond to transition states, or maxima, which 

indicate activation energies.97,114–116  
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Unless otherwise defined, geometry optimizations are performed in vacuum. While this 

approach can be useful for some scenarios, including solvent effects is often essential for 

obtaining realistic results. Especially when strong interactions with the solvent are present, 

such as the formation of hydrogen bonds, the consideration of solvent effects becomes more 

important. Solvent effects can be modeled by incorporating the dielectric constant ε via 

polarizable continuum models (PCM). 

  

Figure 16: Illustration of the modeling of a solvent via a polarizable continuum model (PCM) with the surface 
accessible to the solvent (SAS) and the non-accessible surface (SES). Reprinted with permission from Ref. 117. 
Copyright 2005 American Chemical Society. 

The strength of the electrostatic interaction decreases with distance r-1, whereby distance-

dependent solvent models are implemented in some cases.116 By representing the solvent as 

a continuous dielectric medium (Figure 16), the computational effort compared to explicitly 

modeling individual solvent molecules is reduced enormously. The polarization of the medium 

by the charge of the molecule and the effect of the polarization on the molecule are considered 

by electrostatic interface parameters. Smaller molecules can be successfully modelled with 

the Integral Equation Formalism (IPCM), larger molecules rather by modelling the solvent as 

an ideal conductor via the conductor like PCM (CPCM)vi.117–119  

3.3.5. POPULATION AND ORBITAL ANALYSES 

The distribution of electron density within molecules is particularly interesting with regard to 

the interpretation of the stability of host-guest complexes. Typically, the concepts of Mulliken120 

or Löwdin121 can be applied, which divide the electron density on the basis of (orthogonalized) 

basis functions. However, these methods encounter difficulties since a complete basis set 

cannot be meaningfully partitioned into atomic subsets. Two methods will be explained below 

that are relevant to this work: Hirshfeld's population analysis and natural bond orbital (NBO) 

analysis.95,110,122   

                                                           
vi Further information and mathematic fundaments regarding solvent models can be found in Ref. 117. 
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Hirshfeld Population analysis  

In order to calculate the charge distribution between the atoms of a molecule, two systems are 

compared in the Hirshfeld population analysis: The actual molecule and a promolecule. 

The actual molecule has the actual electron density ϱ(r⃗), but the individual atomic electron 

densities ϱ
i
(r⃗) are unknown. The construction of a promolecule is used to generate a type of 

distribution key for the electron density within the molecule. The promolecule designates an 

assembly of atoms analogous to the actual molecule, at the identical spatial positions but 

excluding interactions between the atoms. The sum of the electron density of these “free” 

atoms ϱ
i
free(r⃗)  gives the total electron density of the promolecule ϱpro(r⃗)  according to 

equation 3.3.15. 

 ϱpro(r⃗)=∑ϱ
i
free(r⃗)

i

 3.3.15 

 

An atom-specific distribution function is provided by equation 3.3.16 with a weighting factor 

wi
Hirsh(r⃗), determining the proportion of ϱpro(r⃗) accounted for by each atom.  

 
wi

Hirsh(r⃗)=
ϱ

i
free(r⃗)

ϱpro(r⃗)
 3.3.16 

 

The difference of ϱpro(r⃗) and ϱ(r⃗) is called molecular deformation density ϱdef(r⃗) and can be 

calculated by equation 3.3.17. Subsequently, in order to define the atomic deformation density 

ϱ
i
def(r⃗), equation 3.3.18 can be applied. 

 ϱdef(r⃗)=ϱ(r⃗)-ϱ
pro

(r⃗) 

 

3.3.17 

 ϱ
i
def(r⃗)=wi

Hirsh(r⃗) ∙ϱ
def

(r⃗) 3.3.18 

 

The result of the integration over the entire space according to equation 3.3.19 is the desired 

Hirshfeld charge qi, i.e. the effective electron number per atom.110,122–124 

 
q

i
=-∫ϱ

i
def(r⃗)dr 3.3.19 
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Natural Bond Orbital (NBO) analysis 

The concept of natural bonding orbitals (NBOs) was introduced by Reed et al. and serves to 

describe electron distribution in molecules through localized orbitals. NBOs represent the 

closest possible analogy between the representation of the wave function and the Lewis 

structure with an agreement of up to >99%. Each orbital property is displayed with the 

maximum possible electron density. This approach enables the description of lone electron 

pairs, multicenter bonds, as well as σ- and π-bonds.125,126 

The NBOs are part of a sequence of evolution from simple atomic orbitals (AOs) to canonical 

molecular orbitals MOs:  

 AOs → NAOs → NHOs → NBOs → NLMOs → MOs.  

This sequence includes valence-shell orbitals (natural atomic orbitals, NAOs) optimized for a 

specific wave function, the resulting orthonormal hybrid orbitals (natural hybrid orbitals, NHOs) 

and the natural (semi-)localized molecular orbitals (NLMOs).125–127 

Bonding NBOs σAB and antibonding NBOs σAB
*  result from equation 3.3.20 and 3.3.21. hA and 

hB represent the NHOs belonging to the atoms A and B and the associated polarization effects 

cA and cB, ranging from cA=cB for covalent and cA>>cB for ionic bonds. 

 σAB=hA∙cA+hB∙cB 3.3.20 

 σAB
* =hA∙cA-hB∙cB 3.3.21 

 

σAB  yields “Lewis type” donor NBOs, which have an occupancy close to 2 as an analogy to 

free electron pairs, and σAB
*  complementary “non- Lewis type” acceptor NBOs with an 

occupancy close to 0. So, in which way is this useful in the context of this work? In analogy to 

a cation-CE complex, the stabilization energy ∆Eσ→σ*
(2)

 can be calculated by 

σAB → σAB
*   interaction according to equation 3.3.22. F̂ is the Fock operator, ϵσ and ϵσ* are the 

energies of the acceptor and donor NBO. The empty acceptor NBO is assigned to the cation, 

the donor NBO to the heteroatom in the CE. ∆Eσ→σ*
(2)

 indicates the extent to which the 

delocalization between the NBOs leads to a more energetically stable structure.125–127 

 
∆Eσ→σ*

(2)
=-2∙

〈σ|F̂|σ*〉2

ϵσ*-ϵσ

 3.3.22 
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3.4.  POLYMERS 

The high socioeconomic relevance of Li, the fundamental concepts of using CEs to 

complex Li and the systematic quantum mechanical investigation of these structures have 

been described so far. The last section of this introduction is dedicated to another, equally 

important part of this work: polymers. This rather drastic break in topic should be briefly 

explained. The fundamental aim of this work was to extract Li from seawater. A tool for 

selective and effective extraction was presented using cation-CE complexes. In order to go 

beyond theoretical considerations, Liquid-Liquid Extraction (LLE) can be performed. However, 

this is hardly applicable on an industrial scale, as a large quantity of organic solvent is required 

as a carrier material. For practical applications, it makes sense to use a different matrix. At this 

point, polymers can serve as key functional materials. They offer the possibility to attach CEs 

in different, highly surface-active structures and still leave them accessible for host-guest 

complexes. Block copolymers exhibit self-assembly properties that are fundamental to this 

function. The understanding of polymer architectures and self-assembly are fundamental for 

publication 2 and 3. 

3.4.1. POLYMER ARCHITECTURES AND BLOCK COPOLYMERS 

 Polymers are formed by linking smaller molecules, the monomers, whereby 

characteristic structures consisting of recurring units are formed. If the system is limited to one 

type of monomer, it is a homopolymer; if two or more different types are present, it is a 

copolymer. Copolymers allow an enormous structural variance in the polymer architecture. 

This is not only by the variation of monomer units, but the particular arrangement of these 

along the chain. Figure 17 gives an overview of different copolymer topologies.128–130  

 

Figure 17: Overview of different polymer sequences and architectures for two types of monomers. The abbreviations 

for the respective structure type are shown in orange. Created by the author according to Ref. 128–130. 

In a random AB copolymer, the monomer units are arranged truly random without preference 

along the linear chain. Although in some work the term “statistical” is used as a synonym, the 
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two structural types are not equal. While the random structure type portrays a subcategory of 

statistical copolymers, the latter describes the arrangement according to statistical laws, like 

Markovian. Alternating arrangements of A and B monomers result in alternating copolymers. 

Especially block copolymers are of particular interest for the purpose of this work. These 

consist of two or more linear blocks each of a certain type of monomer – e.g. AB di-block 

copolymers, ABA tri-block copolymers, or ABC tri-block copolymer. With the same sequential 

connection, but a different topological arrangement of the blocks, a vast variety of architectures 

can be created. If a block is grafted onto a continuous main chain (also known as a backbone), 

graft-copolymers are generated. If these grafted side chains are short and numerous, so-called 

(bottle)brush-copolymers can be produced. The connection to an additional main chain forms 

crosslinked-copolymers, suitable for the formation of networks. The designation of the 

copolymer architectures is often based on optical association, as in the case of circular ring-

copolymers and star-copolymers, representing a number of blocks starting from a core.128–131 

The monomer distribution within a polymer chain is rarely completely random. It is much more 

probable that the monomer exhibiting higher reactivity will react slightly in preference. For 

polymerizations with controlled and sequential chain growth, this leads to the formation of so-

called gradient (grad-)copolymers. The composition of a copolymer at a certain monomer 

concentration ratio can be calculated according to the Mayo-Lewis equation (equation 3.4.1.1) 

for radical polymerizations. Herein [A] and [B] are the concentrations of the monomers A and 

B, r1 and r2 are the reactivity ratios according to equation 3.4.1.2 and 3.4.1.3. 

 d[A]

d[B]
=

[A]

[B]
∙ [

r1[A]+[B]

r2[B]+[A]
] 3.4.1.1 

 

If the active, growing chain end is carrying monomer A, the addition of monomer A or B is 

indicated by the rate constants kAA respectively kAB. Similarly, kBB and kBA describe the addition 

of monomer B respectively A to a growing chain end of type B. 

 
r1=

kAA

kAB

  3.4.1.2 

 

 
r2=

kBB

kBA

 3.4.1.3 

With this, a determination of the preferred monomer to be incorporated into the chain at the 

respective reaction time is enabled. As the concentration ratio of the monomer changes during 

the reaction, the initial calculated composition is not necessarily the same as the final 

composition.129,131 A deeper understanding of the monomer reactivities and their effects 
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requires a look at the underlying polymerization technique, which is highly relevant in the 

context of this work: the radical polymerization. 

3.4.2. (CONTROLLED) RADICAL POLYMERIZATION  

Polymers are accessible by a wide assortment of mechanisms. Polycarbonates or 

polyesters, for example, are obtainable via polycondensations, polyurethanes, for example, 

via polyadditions. Alongside these step growth polymerizations, chain growth reactions are 

feasible. These chain growth reactions can be cationic, anionic, coordinative, or radical 

induced, some of which are allow for the synthesis of controlled sequenced copolymers.130,131 

Free Radical Polymerization 

The mechanism of the free radical polymerization starts with the initiation step, which consists 

of two steps – initiator radical formation and radical addition to the monomer. Typically, initiator 

molecules can either be cleaved homolytically or undergo single-electron transfer processes. 

The choice of initiation technique depends strongly on the reaction conditions. For example, 

peroxides or azo-compounds decompose at elevated temperatures (thermolysis), including 

the decomposition of dibenzoyl peroxide at 40–90 °C with the formation of two benzoyl radicals 

or the thermal decomposition of azobis(isobutyronitrile) (AIBN) at 30–80 °C with the elimination 

of nitrogen and two cyanopropyl radicals, analogous to equation 3.4.2.1.130,131 

 

 

3.4.2.1 

 

AIBN can be decomposed not only thermally but also by exposure to UV light, albeit with low 

efficiency. Photochemical initiators, i.e. initiators whose bond cleavage can take place 

photolytically, include benzophenone (equation 3.4.2.2) or benzoin alkyl ether. In both cases, 

a benzoyl radical and either a phenyl or alkoxybenzyl radical are formed. 130,131 One advantage 

of this method is the excellent and instantaneous control of the external stimulus. 

 

 

3.4.2.2 

 

Radicals can also be generated from redox reactions, for example from peroxides and 

hydroperoxides by using transition metal ions such as iron(II) or cobalt(II). For aqueous 

systems, a combination of a persulfate ion and a bisulfite ion is suitable, whereby a sulphate 
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ion, a sulphate radical anion, and a bisulfite are formed.130 Furthermore, initiation can be 

achieved by ionizing radiation (γ- or electron irradiation).131 

In the actual polymerization initiation, the radical adds to the π-system of a monomer, resulting 

in an active center (shown as an example in equation 3.4.2.3). 

 

 

3.4.2.3 

 

Since the radical can add on both sides of the double bond, either a secondary or a primary 

monomer radical is formed, with the secondary radical being more stable and the reaction 

being less sterically hindered.130,131 

The propagation describes the sequential addition of further monomer units to the active center 

(monomer radical). This addition is also subject to the radical stability of the resulting product 

and the steric hinderance of the reaction. Theoretically, head-to-tail and head-to-head 

additions are possible, of which the head-to-tail reaction is generally preferred. Interferences 

in the sequence are usually very small. The addition takes place according to equation 3.4.2.4, 

where n is the number of added monomers.130,131 

 

 

3.4.2.4 

 

Polymerization can be terminated via recombination and disproportionation. Recombination 

(equation 3.4.2.5) involves the combination of two radicals. These can be all radicals which 

are present in the system, the molecular weight of the dead chain increases accordingly. The 

disproportionation (equation 3.4.2.6) proceeds while maintaining the molecular weight; a 

hydrogen is transferred from one growing chain to another, creating a saturated and 

unsaturated hydrocarbon. Depending on the monomer and polymerization conditions, 

preference is given to which process occurs.130,131 

 

 

3.4.2.5 

 

 

 

3.4.2.6 
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Radical polymerizations allow rapid monomer conversion to the polymer due to the highly 

reactive active centers, but at the expense of molecular weight control. The uncontrollable 

termination results in polymers with high dispersities. Block copolymers are not accessible with 

this method, due to uncontrolled nature of the polymerization and differing reactivities of the 

monomers. A mixture of polymers of different monomer compositions and chain length will 

most likely be formed.129,131  

Controlled Radical Polymerization  

To meet this challenge while maintaining the simplicity and robustness of the radical 

polymerization technique, controlled radical polymerization techniques have been 

developed.132 These allow for a more precise control of molecular weight and polymer 

architecture. Thus, transfer reagents are utilized. Instead of or in addition to conventional 

initiators, so-called inifer reagents (initiator transfer agents) can be applied. These generate 

active and persistent, stable radicals. An equilibrium is formed between small quantities of 

active radicals and larger quantities of dormant radicals, which is unique depending on the 

mechanism. The use of transfer reagents not only enables controlled initiation, but also 

reversible deactivation reactions. The polymerization features are similar to those of ionic living 

polymerizations, which is why they are often referred to as living radical polymerizations, 

although the term should not be used synonymously with controlled radical polymerizations. 

These mechanisms include the common techniques Atom-Transfer Radical Polymerization 

(ATRP), Nitroxide-Mediated Radical Polymerization (NMP) and Reversible-Addition-

Fragmentation Chain-Transfer Radical Polymerization (RAFT), the latter of which is particularly 

relevant in the context of this work. NMPs are controlled by stable nitroxide radicals formed by 

thermolytic cleavage of alkoxyamines, which reversibly generate the dormant species with the 

active chain radicals. ATRP is initiated via alkyl halide initiators in combination with transition 

metal complexes. The reversible atom transfer between the polymer chains and the metal 

complex forms a dynamic equilibrium between the active and dormant species.129–131 

3.4.3. RAFT POLYMERIZATION 

Compared to other controlled radical polymerizations, RAFT polymerization, developed 

in 1998 by Le, Moad, Rizzardo and Thang133, has some remarkable advantages. These include 

its metal-free nature, which enables a wider range of applications, even in the bio-medical field. 

Furthermore, RAFT polymerization is significantly more tolerant to functional groups, which 

expands the suitable monomer spectrum, as well as more tolerant (although still sensitive) to 

oxygen, which facilitates reaction handling. Depending on the technique, RAFT polymerization 

is scalable, cost-efficient and allows the design of complex polymer architectures with high 

polymerization control and predictable end-group functionality.129,131,133,134 
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Mechanism 

A thiocarbonylthio compound (e.g. dithioester) serves as a transfer reagent, also named RAFT 

agent or chain transfer agent (CTA), in RAFT polymerization. The CTA reacts with the 

conventionally formed radical and establishes a dynamic equilibrium. The mechanism is shown 

in Figure 18. Similar to classic radical polymerization, the RAFT mechanism begins with the 

formation of an initiator radical I· in step (1). A conventional initiator as well as a photoiniferter 

RAFT (PI-RAFT) polymerization, in which the initiator radical is formed from the CTA by 

photolysis, can be utilized.130,134,135 In the further course of initiation, I· reacts with a monomer 

at the preferred position and builds a monomer radical. In step (2), the monomer radical is able 

to induce a chain reaction with other monomers by growing an oligo- or polymeric chain with a 

terminal radical function ·Pi. In the third step, the RAFT mechanism deviates from conventional 

radical polymerization. The propagating or initiating radical is reversibly coupled to the highly 

active CTA in an addition-fragmentation step (3). The so-called pre-equilibrium is generated, 

wherein the stabilities of the polymer radical and the newly formed R· radical from the CTA are 

of central importance. R· can initiate the chain start in step (4), resulting in the formation of 

another species of polymer radical ·Pj. The choice of the Z and R groups of the CTA is crucial 

for the success of RAFT polymerization and will be further discussed. Once the entire initial 

CTA has been consumed, the main equilibrium (5) is established by reversible addition of ·Pi 

and ·Pj to the dithio species. This equilibrium between the active species (polymer radicals) 

and the dormant species (dithio radical) is the key point for the vitality of the polymerization 

and the low dispersity of the resulting polymer mixture. Due to the equal distribution of radicals 

in this equilibrium, all chains have the same probability of growth.130,134 

Similar to conventional radical polymerization, termination reactions (6) such as 

disproportionation and recombination can occur. If a highly active CTA is used and the 

probability of chain transfer significantly exceeds the probability of the initiation reaction, the 

addition-fragmentation step is the leading reaction step. Due to the rapid attachment of radicals 

to the dithio species, there are few active radicals in the system, and dormant species 

predominate. This has the advantage that bimolecular termination reactions become very 

improbable. At the same time, the probability of growth is evenly distributed across all chains, 

resulting in low dispersities.129,130,134 A special feature of the RAFT process is that bimolecular 

termination does not lead to a loss of chain end viability, if the chain is bearing a dithioester 

end group, which can be reactivated. The number of actually “dead” polymer chains can be 

calculated from the number of initiating radicals.131,134  
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Figure 18: Mechanism of Reversible Addition-Fragmentation Chain Transfer (RAFT) Polymerization. During 
initiation (1), an initiator radical I· adds to a monomer and forms a polymer radical ·Pi during chain growth (2). ·Pi 

adds to the RAFT agent in an equilibrium reaction (3), forming a dormant intermediate radical and releasing a 
radical ·R, which can add to monomers (4) to form another polymer radical ·Pj. After complete conversion of ·R, a 
main equilibrium (5) is established: two actively growing polymer chains exchange their radical character via the 
RAFT agent, while other chains are temporarily deactivated. As a result, all chains have the same growth probability. 
Termination (6) occurs through disproportionation or recombination of two active radicals.129–131,133,134 

Chain Transfer Agent 

The choice of the CTA (Figure 18, (3)) is elementary for the course of the reaction. The high 

monomer compatibility of the process is based on its structural diversity. A suitable CTA 

contains a C=S bond that is more reactive for radical addition than the monomer alone, 

ensuring that the reaction must proceed via the equilibrium reaction. Monomers can be roughly 

divided into two classes: more-activated monomers (MAMs) with the vinyl group in conjugation 

(styrene, acrylate, etc.) and less-activated monomers (LAMs) with the vinyl group next to 

heteroatoms, or saturated hydrocarbons (vinyl acetate, vinyl chloride, etc.). 
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The R group must form a good radical (leaving group) and be compatible with the monomer at 

the same time for an efficient chain start. The polymerization of reactive monomers requires 

reactive CTAs and vice versa. Although dithiobenzoates (Z=Ph) are the most common 

structural class for CTAs, trithiocarbonates (Z=SR), dithioalkanoates (Z=alkyl), N-pyrrole/N-

imidazole dithiocarbamates (Z=NR2), xanthates (Z=OR), and dithiodialkylcarbamates (Z=R2, 

with R=alkyl) are also utilized. The Z group has a direct influence on the stability of the 

intermediate radical (stabilizing group) and thus on the equilibrium. The phenyl group of the 

dithiobenzoates stabilizes the intermediate adduct radical (dormant species) through 

delocalization effects, whereby the addition step is strongly activated.130,134 More detailed 

information on the choice of RAFT agent based on the selected monomer can be found in the 

comprehensive review by S. Perrier.134 

3.4.4. CE-POLYMER LINKAGE 

Following the description of the synthesis of both the polymer matrix and the cation-

complexing CEs, the focus now shifts to covalent linking the two building blocks. The CE’s 

connection to a matrix increases manageability, reusability, and adaptation to continuous 

processes. For this purpose, various strategies are available that are suitable for the 

immobilization of the CE onto polymers depending on the limitations and possibilities of the 

system.77 A brief overview of some common methods is given below, before the method most 

relevant to this thesis is explained more closely. 

One option is the introduction of the CE into the system as part of the polymerization process. 

The CE can herein be part of the actual polymer chain, as presented by Zhu et al. in 2020. 

They performed a polyaddition reaction between a diaminofunctionalized CE (di(aminobenzo)-

14C4) and a difunctional phthalic anhydride (6FDA), yielding a polyimide.136 Another example 

was published recently (2025) by Liu et al. by the incorporation of Dibenzo-18C6 as part of a 

polyurethane chain.137 Additionally, CE-containing monomers can undergo reactions resulting 

in the CEs being located as side chains on the main polymer chain. For example, Favre-

Réguillon et al. reported in 1997 the embedding of various (12–24-membered) CEs via a 

polyaddition reaction of diol-functionalized CEs with diisocyanates, as well as the production 

of (allyloxy)methyl-12C4 from allyl glycidyl ether.138 As in this example, the CEs can be 

modified to contain functional or polymerizable groups (e.g., methacrylate, acrylate, or vinyl 

functionalities). During homopolymerization of these monomers or copolymerization with other 

monomers, the CE is embedded in the matrix. Liberati et al. recently (2025) presented a 

thermoresponsive stat-copolymer based on N-isopropylacrylamide (NiPAAm) and 2-(benzo-

12C4-ether)ethyl methacrylamide (BCEEM), whereby BCEEM could be obtained via two 
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different reaction pathways. The production of pure P(BCEEM) was also successful.90 Some 

of the described procedures are visualized in Figure 19. 

 

Figure 19: Different approaches for incorporating crown ethers (CEs) into polymers in the main chain or as a side 
arm during polymerization. The formation of a polyimide (left) from a difunctional phthalic anhydride and a diamine-
functionalized, aromatic CE is based on Zhu et al. (2020).136 The formation of the polyurethane (middle) according 
to Favre-Réguillon et al. (1997)138 from a diisocyanate and a CE-functionalized diol, as well as the chain growth 
polymerization of a benzo-CE-functionalized methacrylamide (right) according to Liberati et al. (2025)90 leads to the 
development of a CE side arm on the polymer main chain. 

Alternatively, the CEs can be introduced to the system after polymerization is completed, via 

post-modification. Post-modification refers to the targeted functionalization of polymer chains. 

It is particularly useful when direct functionalization via the monomer is not possible, for 

example, due to limited reactivity, steric hindrance, poor solubility, or incompatible functional 

groups.77,139,140 Typical strategies are grafting reactions, which result in functional, oligomeric 

or polymeric side chains attached to the polymer backbone. However, the polymer backbone 

must possess specific structural features that enable grafting, depending on the mechanism. 

As a result of the grafting-to, grafting-onto, or grafting-through process, side chains of different 

functionalities are covalently connected to the main chain.129,139  
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Figure 20: Overview of a variety of different types of reactions that are used for post-polymerization modification. 
Reprinted and adapted with permission from Ref. 139. Copyright © 2013 Wiley-VCH Verlag GmbH & Co. KGaA. 

Furthermore, especially if only isolated structural features are to be incorporated into the main 

chain, functional groups within the chain can be modified using classic organic reactions – for 

example, by esterification of hydroxyl groups or amidation of amine functions. This can be 

achieved either on functional groups that are intrinsic to the polymer used (e.g., polyvinyl 

alcohol, polyacrylamide, or polyacrylic acid) or by explicitly incorporating functional groups into 

the polymer.77,129,139–141 A number of examples of post-functionalization methods are shown in 

Figure 20. Owing to the presence of carboxylic acid functionalities, PS-b-PMAA (used in this 

work) offers the possibility of post-modification. The approach of esterification of the MAA unit 

with a hydroxy-functionalized CE, according to Mitsunobu142, will be described as shown in 

Figure 21.  
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Figure 21: Mitsunobu reaction of carboxylic acid containing polymer and hydroxy functionalized crown ether.142,143  

The Mitsunobu reaction is a versatile reaction involving the dehydrative coupling of an alcohol 

with a carboxylic acid. The reaction proceeds via the formation of a reactive phosphonium 

intermediate, which is produced by the reaction of triphenylphosphine and an azodicarboxylic 

acid derivative. This serves as an activator to convert the alcohol into a good leaving group. 

Nucleophilic substitution (with inversion of the configuration) takes place. The esterification of 

carboxylic acids can occur by a variety of mechanisms, the best known of which are the 

Fischer144 and Steglich145 esterification, and carboxylic acid halide reactions146. The Mitsunobu 

reaction takes place under mild conditions, and the range of usable nucleophiles is wide. This 

enables not only the formation of esters, but also aryl ethers, cyclic ethers, C-C and C-N bonds. 

With regard to the specific coupling system of CE and MAA, the Mitsunobu reaction proceeds 

very well in polymer-compatible, comparably harmless solvents and under mild conditions at 

room temperature. Another major advantage is that the polymer can be easily cleaned of by-

products, as these can be removed using solvents that are immiscible with the polymer, making 

Mitsunobu esterification a time- and resource-efficient choice in this context.142,143,146 
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3.5. POLYMER MANUFACTURING AND SELF-ASSEMBLY 

Depending on their composition and environment, copolymers have unique self-organizing 

properties. An understanding of these is particularly relevant for publication 2 and also 

publication 3. Fundamental theories for the miscibility and corresponding self-assembly 

behavior of polymers will henceforth be discussed in more detail in order to establish the 

reader's knowledge for the following descriptions of membranes, cubosomes, and electrospun 

fibers. 

3.5.1. THERMODYNAMICS OF BLOCK COPOLYMERS 

The thermodynamics of polymer mixtures can be described by the Flory-Huggins 

interaction parameter χ, the degree of polymerization Ni, and the (block) volume fraction φi or 

fi of the component i. The Flory-Huggins-Staverman theory is an extension of the lattice model 

for low-molecular substances in solvents, suitable for mixtures of polymers. Figure 22 presents 

a conceptual diagram of such a lattice.129,131 

 

Figure 22: Lattice model describing a dissolved substance in a solvent (left) and a polymer chain in a solvent (right). 
Created by the author with data from Ref. 129,131. 

Several assumptions apply within this lattice: no double occupation of the lattice sites 

is permitted, nor vacancies, an N-unit polymer chain occupies N lattice sites according to its 

degree of polymerization, whereby the orientation of the chains is without preference, i.e. 

entirely coincidental on an adjacent lattice site.147,148 In order to describe the miscibility of a 

multi-component system thermodynamically, the free enthalpy of mixing ΔGmix is applied. ΔGmix 

is the sum of the entropy and enthalpy terms, considering the temperature T (equation 3.5.1.1). 

If ΔGmix is negative, there is miscibility; if it is positive, the components will segregate.131  

 ∆Gmix=∆Hmix-T∆Smix 3.5.1.1  

 

As components are mixed, the entropy of the system increases (ΔSmix>0). In contrast to the 

process of dissolving low-molecular substances in a solvent, however, ΔSmix increases 

significantly less with long polymer chains. This is due to the fact, that the pure polymer 

inherently exhibits a finite entropy, whereas the low-molecular-weight solvent or monomers 
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can be approximated as entropy-free. As a result, the entropy difference between the pure and 

mixed states is reduced.147–150 ΔSmix (for the entire system) results as equation 3.5.1.2, for a 

binary AB system, with the ideal gas constant R. With increasing N, i.e. more bonds between 

the monomers, the number of potential mixing conformations decreases and consequently 

ΔSmix. 

 
∆Smix=-R (

φ
A

NA

lnφ
A
+

φ
B

NB

lnφ
B
) 3.5.1.2  

 

Miscibility is determined not only by the extent of entropy of mixing but also by the interactions 

occurring between the components. These are expressed via equation 3.5.1.3, the enthalpy 

of mixing ΔHmix for the system. This is a mean-field description, as the interactions are weighed 

by the overall volume fractions of the different components. Depending on the system, this 

relates to the interactions between components A and B, i.e. A-A, B-B, and A-B.148,150 

 ∆Hmix=RTφ
A
φ

B
χ

AB
 3.5.1.3 

 

More precisely, the Flory-Huggins interaction parameter for an AB system χAB can be defined 

by the difference between the interaction energies of the pure components (ϵAA and ϵBB) and 

the mixed interaction energies ϵAB  per monomer between the monomers A and B 

(equation 3.5.1.4). It describes the non-ideal part of the free enthalpy of mixing, i.e. the loss of 

free energy at the contact between A and B. kB is the Boltzmann constant, Zn is the number of 

nearest neighbors in the postulated lattice. If χAB>0, the repulsive forces between A and B 

predominate and the attraction of segments of the same nature prevails. In order to ensure a 

mixture, however, ΔSmix must be of a compensatory magnitude. χAB<0 indicates a net attraction 

and the components A and B are miscible.131,149 

 
χ

AB
=(

Zn

kBT
)(ϵAB-

ϵAA+ϵBB

2
)    3.5.1.4  

 

Generally, especially with polymers of different hydrophilicity, χAB is positive. A deviation from 

this phenomenon results, for example, from strong attractive interactions such as hydrogen 

bonding, charges or a strongly increased temperature, as χAB is temperature-dependent.148,149 

These relationships result in equation 3.5.1.5 for the systems total ΔGmix.66,131,148,151 

Accordingly, the enthalpy term enhances miscibility when χAB>0 likewise the entropy term, 

whereby the influence of the latter, in contrast to classic solution theory, ΔSmix depends strongly 

on N. 
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This approach becomes problematic with highly diluted polymer systems vii , as the 

intermolecular interactions between polymer chains are drastically reduced.131,148 Moreover, 

although the Flory-Huggins-Staverman approach enables the transition from low-molecular 

systems to high-molecular systems, the behavior of block copolymers is way more complex to 

describe. The covalent connection of the two blocks with different hydrophilicity leads to a 

different segregation behavior than with homopolymers, a microphase separation. The 

entropic proportion of ΔGmix cannot be adequately described by the lattice theory; therefore 

other theories apply here. These include the SCFT (Self Consistent Field Theory), for 

example.152–154 This powerful tool is well suited to describe the self-organization in 

inhomogeneous systems (such as block copolymers) as a theoretical framework. SCFT 

reduces the many-body problem for the description of the thermodynamics of block 

copolymers to a simplified mean-field system. Rather than individually describing all polymer 

interactions, resulting in an enormous computational effort, a polymer chain (one-body) is thus 

described in the averaged field (mean field) of other chains. This averaged field is formed in 

an iterative process as a self-consistent solution to the one-body problem. SCFT reduces the 

computational effort enormously while maintaining very good agreement between the 

calculated and the experimentally determined morphologies.152,155,156  

3.5.2. MICROPHASE SEPARATION OF BLOCK COPOLYMERS 

Microphase separation refers to the spontaneous structural compartmentalization of block 

copolymers of two (or more) incompatible blocks in bulk or in solution. As a result of the 

covalent bond between the two blocks, no macroscopic phase separation can occur. The 

generated phase-separated domains range in size from a few nanometers to a few hundred 

nanometers, thus simplifying the prefix micro (historically as small). The following explanations 

refer to the consideration of linear diblock copolymers (AB) in providing a basic idea.149,157  

Depending on the AB block composition, a microphase separation can lead to different 

structures. Figure 23 shows the phase diagram according to Matsen and Bates for a linear 

diblock copolymer, using the standard Gaussian chain model according to SCFT.154 Similar to 

section 3.5.1, N defines the DP of the polymer, and fi the proportion of block i in this (fi=
Ni

N
). 

Below (or equal to) a critical degree of segregation χN, the system is entropy-determined and 

lacks an ordered structure. The polymers occur in a random coil structure. With an increase of 

χN above the critical value, an order-disorder transition (ODT) occurs and enthalpically favored 

                                                           
vii Further information on thermodynamics within diluted polymer solutions can be found in Ref. 131 and Ref. 130. 
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periodic microstructures are formed. For a symmetric diblock copolymer (fi=0.5) Leibler 

predicted this ODT at χN=10.5158, Bates et al. at χN=10.4149. Interestingly, the smallest 

structural changes can be sufficient to generate excess free energy contributions that lead to 

segregation. Even polymer isotopes (PS and deuterated PS) segregate at sufficiently high 

MWs. 

 

Figure 23: Self-consistent field theory (SCFT) mean-field phase diagram of a linear AB diblock copolymer. Plot of 
the block composition f against the degree of segregation χN. Structures are lamellar L, double-gyroid G, cylindrical 
C and spherical S. D and PL refer to the metastable double diamond and perforated lamellae structures, 
respectively. Adapted and reprinted with permission from Ref. 159. Copyright © 2016 American Chemical Society. 

If the AB block composition is close to a value of 0.5, i.e. close to or exactly a symmetrical 

composition of the two immiscible blocks, an alternating, lamellar structure L exists. The AB 

blocks can be understood analogously to a head-tail structure. Within the lamellar structure, 

these arrange themselves as ABBA or BAAB (i.e. head-tail-tail-head or tail-head-head-tail) in 

an equidistant repeating unit.149,157,160 With minimal deviation from the equipartition AB (fi=0.5), 

a perforated layer structure PL (or catenoid phase) can be formed. However, it was found that 

PL is only a long-lived transition phase and not thermodynamically stable. The layer structure 

is traversed by hexagonally packed channels of the majority component.160 A shift in fi towards 

the A or B block can lead, in a narrow range, to the formation of a double-gyroid network G. 

The minor block forms two interpenetrating threefold coordinated networks. The major block 

constitutes the surrounding matrix. Changing the block ratio onwards in one direction, the 

structure approaches that of hexagonally packed cylinders C comprising the minority 

component, in a matrix of the majority block. Eventually, spherical domains develop with very 

significant differences in block length. The smaller block characteristically forms a body-

centered cubic (bcc) lattice structure in the matrix. However, different cubic arrangements, 

such as the face-centered (fcc) lattice structure or A15 symmetries, can appear.160 If the phase 

diagram is followed alongside different block ratios, the structures are mirrored from the center 

with interchanged AB markings.149,157,160,161 The driving force behind these morphological 
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transitions is the minimization of the free energy of structure formation for a given composition. 

The increase in interfacial energy is reduced in order to gain the conformational entropy of 

longer chains (also called chain elasticity).160,162 The properties of the resultant materials and 

the practicability of the block copolymers are essentially predicated on the mesoscopic self-

assembly in the environment (solid, melt or solution).149   

Depending on χN, three domains can be defined: the weak segregation limit (WSL), the 

intermediate segregation regime (ISR) and the strong segregation limit (SSL). The WSL 

introduced by Leibler158 and Yerukhimovich163 describes the phase behavior slightly above the 

ODT (10.5 ≤ χN ≤ 15). The entropic influence is still important in this regime and the 

incompatibility between the blocks is just strong enough for a microphase separation, whereby 

the segregation forces are weak and the domains are relatively diffuse and broad compared 

to the SSL. Semenov164 extended the theory of phase separation in block copolymers to 

include the SSL, from which (in contrast to the WSL) the incompatibility between the polymer 

blocks is very pronounced (χN ≥ 100). The conformational entropy favors a large interfacial 

area, but is outweighed by the interfacial tension (enthalpic), aiming to minimize interfacial 

area. As a result, the chains are strongly elongated. The lines between the different phases 

become far sharper and domain formation is more defined. The intermediate region of WSL 

and SSL is described by the ISR (Matsen and Bates154), in which enthalpic and entropic forces 

are well-balanced. The enthalpic incompatibility between the blocks is large enough to support 

an ordered phase separation. Still, the entropic contributions are so significant that no 

extremely narrow phase boundaries are to be expected.149,154,158,163–166 

3.5.3. MEMBRANES  

Membranes are used for separating substances across different levels. They have 

numerous applications – e.g., in gas filtration to separate climate-damaging gases from 

combustion gases, in medical applications for dialysis, or in (drinking) water treatment by 

separating suspended particles or bacteria (10–0.1 µm), viruses and proteins (0.1–0.01 µm), 

divalent ions or sub-molecular organic groups (0.01-0.001 µm) up to small monovalent ions 

(0.001-0.0001 µm) as shown in Figure 24. As in their applicability, membranes are versatile in 

their membrane geometry, porosity, chemical composition, and surface functionalization, 

allowing them to be specifically optimized for different separation processes and areas of 

application. 167–169 
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Figure 24: Schematic representation of different orders of magnitude of filtration. Reprinted with permission from 
Ref. 167. Copyright © 2017 Elsevier B.V.  

An innovative approach to the production of integral asymmetric flat membranes is the SNIPS 

process, the fundamentals of which will be discussed here and which is important for 

understanding the unpublished results. The SNIPS process combines the controlled self-

organization of block copolymer structures with non-solvent induced phase separation. 

Through the selection of a suitable solvent (mixture), the minority component forms certain 

microphase morphologies in a matrix of the majority component, as discussed in the previous 

section on the self-assembly of block copolymers. The integral asymmetric structure allows for 

a two-layer structure made from a single material. The fine-pored surface layer is responsible 

for active separation, while the bottom, coarse-pored layer provides the membrane with high 

mechanical stability. This also enables high separation performance at high flow 

rates.159,168,170,171 Figure 25 shows the membrane casting process via SNIPS schematically. 

Figure 25: Self-Assembly Nonsolvent-Induced Phase Separation (SNIPS) process. Created by the author according 
to Ref. 159 with elements (and permission) from Ref. 171,172. Copyright © The Royal Society of Chemistry 2020. 

The block copolymer is dissolved in a suitable solvent mixture and coated onto a substrate to 

a specific thickness. The substrate can consist, inter alia, of non-woven polymers, metallic 

nets, or ceramics and provides mechanical support with no impairment of the membrane 

permeability. The minority-selective solvent is low-volatile, while the majority-selective solvent 

is high-volatile. The time-delayed evaporation creates a concentration gradient perpendicular 

to the film surface. This has a directing effect on the microphase separation. Transferring the 
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film to a non-solvent bath in which all solvent and non-solvent components are miscible causes 

a solvent-non-solvent exchange and sets the structure.159,168,173 

3.5.4. CUBOSOMES 

Cubosomes represent another method of polymer processing utilizing the self-

assembly behavior of block copolymers. Cubosomes are self-assembled microparticles with a 

cubic, open-pored structure. Figure 26 illustrates this structure. Similar to membranes, 

cubosomes have the advantage of a high surface-to-volume ratio. Although cubosomes are 

classically formed from unmodified polymers, they also allow for subsequent surface-

modification or, as in the case of this work, can be produced from modified amphiphilic block 

copolymers. 

 

Figure 26: Polymer cubosome structure. Reprinted with permission from Ref. 174. Copyright © 2020 American 
Chemical Society. 

Applications include catalytic purposes, medical applications (drug release), energy storage, 

and, inter alia, the selective binding (and release) of substances.175–177 Conceptually, polymeric 

cubosomes are inspired by lipid cubosomes (based on monolein). Their highly asymmetrical 

nature, due to the relatively large hydrophobic part with a small hydrophilic head group, results 

in a large packing parameter.174,175,177,178 Consequently, self-organization into cubosomes or 

hexosomes is favored, as shown in Figure 27. 

 

Figure 27: Self-assembled structures of an amphiphilic block copolymer with different packing parameters p. a0 is 
the headgroup area, lc the length of the hydrophobic block, v the volume of the chain. Reprinted with permission 
from Ref. 177. Copyright © 2025 Informa UK Limited, trading as Taylor & Francis Group. 

Cubosomes can be produced via self-assembly induced by solvent evaporation (EISA), 

solution diffusion evaporation mediation (SDEMS) or in situ polymerization (PISA), or by a 
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solvent-based approach. These include typical nanoprecipitation, reverse nanoprecipitation 

and flash nanoprecipitation. 

The typical nanoprecipitation of cubosomes follows this pattern: First, the asymmetric block 

copolymers are dissolved in a suitable solvent (mixture). The polymer blocks start to self-

organize in solution into ordered hydrophilic and hydrophobic domains. Typical 

nanoprecipitation occurs by slowly adding this solution to a selective solvent that can only 

dissolve one of the two blocks. The structures spontaneously arrange themselves into 

cubosomes (or hexosomes). The solvent is subsequently removed by dialysis with a non-

solvent, which fixes the structure.175,178,179 In reverse nanoprecipitation, the selective solvent is 

gradually added to the polymer solution. Flash nanoprecipitation describes the sudden 

combination of both phases. In either case, a solvent-non-solvent exchange is performed. The 

system is kept in continuous motion. (Nearly) spherical particles are formed to minimize 

surface area, but exhibit a long-range cubic internal order. Based on the block copolymer 

composition, the addition rate of the (non-)solvent, the concentration of the polymer, and the 

type of (non-)solvent, the mechanical stability, pore size, particle size, lattice constants, etc. of 

the resulting structures can be adjusted. A closer consideration of the individual production 

methods can be found in the work of Reyes et al.178 

3.5.5. ELECTROSPINNING 

Another way of processing block copolymers from solution (or melt) into structures with a 

high surface-to-volume ratio is electrospinning. Ultrathin fibers (with diameters in the nm range) 

can be produced. As the term electrospinning implies, spinning is conducted within an electric 

field. The conceptual setup is shown in Figure 28.180–182 The polymer, dissolved in a suitable 

solvent or solvent mixture, is conveyed through a metallic spinneret at a constant flow rate. A 

high voltage is applied to this spinneret (typically a cannula), which simultaneously serves as 

an electrode. Facing this is a grounded collector plate. Between the collector plate and the 

spinneret, an electric field is generated affecting the polymer solution as the solution passes 

through the spinneret. The assembly can be “bottom-to-top”, “top-to-bottom” or horizontal. A 

conical deformation of the liquid surface, a so-called Taylor cone, is formed. This is well-known 

from the electrospray ionization technique applied in mass spectrometry, which involves 

dispersing it into small droplets as the electric field strength increases. In contrast the field 

strength in electrospinning is selected to create a stable jet. The polymer solution does not 

disintegrate, but forms a slender, continuous liquid string moving in the direction of the 

collector. 
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Figure 28: Electrospinning setup with rotating collector. Adapted and reprinted with permission of Ref. 183,184. 
Copyright © 2021 IOP Publishing Ltd. 

This is due, inter alia, to the induced charge in the polymer solution, the suppression of the 

Rayleigh-Plateau instability and the viscoelasticity of the solution viii  The Rayleigh-Plateau 

instability describes the disintegration of a cylindrical body into a series of spherical droplets 

under volume conservation induced by capillary forces. As the path of the polymer filament 

increases, the diameter decreases due to the surface tension and the repulsive charge effects 

on the jet surface as well as the evaporation of the solvent. The jet loses stability with distance, 

is moved laterally and forms a cone-like swirl facing the collector electrode. With increasing 

time, it solidifies and hits the collector plate in a swirling motion with a velocity of 40 m s-1 (or 

more).180,182,185,186 The collector plate can be covered with substrates that serve as a matrix for 

the electrospun fibers, such as aluminum foil, metal nets or polymer non-woven fabrics. The 

geometry of the collector plate can vary, which significantly influences the orientation of the 

fibers. In addition to plates of different sizes, rotating cylinders of different diameters can also 

be utilized as collector. The latter can be in a cylindrical form or with a flatter side similar to a 

conveyor belt. With these rotating collectors, the fibers are pushed in a certain direction, 

depending on the ratio of polymer flow and rotational speed. To illustrate the complexity of 

electrospinning, the parameters that have a decisive influence on the resulting fibers should 

be mentioned: Capillary diameter, voltage, tip-to-collector distance, electrode material, 

electrode arrangement, electric field strength, humidity, temperature, viscosity of the solution, 

surface tension, solution conductivity and permittivity, molecular weight of the polymer, feed 

rate, concentration of the solution, solution quality, charge density and chemical composition 

of the polymer (dispersity, block ratios).180,186 

                                                           
viii Although electrospinning is a very elegant and easy-to-implement method of polymer processing in terms of the 

technical application, the theoretical background to the process is very complex. A more detailed description would 
surpass the scope of this work. However, the physical foundations are described in detail in the literature (Ref. 196). 
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With regard to the self-assembly process within a block copolymer, the choice of solvent 

mixture is decisive in terms of the solvent-block affinity and the vapor pressure of the solvents. 

Between a homogeneous, continuous nanofiber and the appearance of spherical particles 

there is an interesting hybrid-formation, the necklace-like beaded-fibers. Uniform and beaded-

fibers are shown in Figure 29. 

 

Figure 29: Uniform (left) and beaded (right) fibers of an electrospun PS-b-P(MAA-r-CE3MA). Pictures taken by 
electron microscopic service of Helmholtz-Zentrum Hereon. 

 

Figure 30: Partial suppression of the Rayleigh-Plateau instability of an electrospun polymer filament in an electric 
field. Reprinted with permission of Ref. 182. Copyright © 2012 Elsevier B.V.  

This beaded-fiber morphology results from the partial suppression of the Rayleigh-Plateau 

instability as shown in Figure 30. The capillary forces affect the fluid polymer solution in the 

electric field. The increasing instability results in the incipient formation of spherical particles. 

The viscoelastic liquid drains into the developing droplets, causing them to expand, while the 

extensional force counteracts this deformation, but cannot completely suppress the instability, 

resulting in the characteristic bead-on-string structure. By adjusting a high viscosity, low 

surface tension and high surface charge, the process can be urged towards uniform 

filaments.180,182,186–188 
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4. OBJECTIVES OF THIS WORK 

This dissertation is dedicated the development and optimization of an innovative material 

for the selective extraction of Li from aqueous, low-concentration resources. The goal is to 

create a system that not only has a high Li capacity and selectivity, but is also suitable for 

industrial implementation.  

Requirements for the system include scalability of the synthesis beyond the laboratory scale, 

cost-efficient and resource-saving production. This work presents a CE-based approach in 

which a polymer matrix serves as a functional carrier structure.  The centerpiece of this work 

is the successful transfer of the material into a solid, highly surface-active form. The 

dissertation is divided into four main thematic sections, which are covered by different 

publications. A schematic overview is shown in Figure 31. 

 

Figure 31: Overview of the concept of this thesis. CEXMA describes the methacrylic acid block functionalized by 
undefined (X) crown ether, either Benzo-9-crown-3 (B9C3), Benzo-12-crown-4 (B12C4) or 12-crown-4 (12C4). 
Extractions were performed either in Liquid-Liquid System (LLE) or Solid-Liquid System (SLE). 

 

1. Step: Components 

The desired system consists of an active CE component and a functionalizable block 

copolymer matrix. The selectivity of the system towards different ions is essentially based on 

the CE's structure. Publication 1 explores the systematic variation of the CE's structure in terms 

of the number and type of ring atoms. This involved DFT-based structure optimizations, charge 

distribution analyses, and thermodynamic calculations. 
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2. Step: Material 

The connection with a polymeric matrix offers further possibilities of targeted material 

design. The total MW of the functionalized block copolymer, the DP of the hydrophobic block, 

and the functionalization density of the CE have a decisive influence on the material’s ability 

of Li recovery. This is systematically investigated in publication 2. 

3. Step: Manufacturing 

Block copolymers can be converted into a solid state that is useful for application 

technology via adjustable precipitation processes. Highly porous structures are accessible by 

utilizing the tendency of block copolymers to self-organize due to the different solvent affinities 

of the blocks. In this work, three materials with a high surface-to-volume ratio were produced: 

electrospun fibers (publication 3), cubosomes, and membranes (unpublished results). 

4. Step: Extraction 

The thematically final step involves evaluating the systems' efficiency and selectivity. The 

polymer can act in dissolved form from an organic medium (LLE) and extract Li from an 

aqueous phase. This is described in publications 1 and 2. Alternatively, Li can be recovered 

from the aqueous phase using the solid material (SLE) in a more application-oriented manner 

and without the need for organic solvents, as described in publication 3. 

 

 

  

  



 

75 

5. CUMULATIVE PART 

This section contains reprints of the publications referred to for this cumulative dissertation. 

Each publication is introduced with a brief foreword explaining its relevance to the overall 

concept of the thesis. The support provided by coworkers and students for each publication is 

acknowledged. 

5.1. PUBLICATION 1 

This publication is reprinted with permission from I. Oral, S. Tamm, C. Herrmann, V. 

Abetz, Lithium Selectivity of Crown Ethers: The Effect of Heteroatoms and Cavity Size, Sep. 

Purif. Technol. 294 (2022) 121142 – Copyright 2022 Elsevier B.V. 

This work was conducted in close collaboration with Iklima Oral, which contributed equally to 

this publication. Her input and knowledge played a key role in the success of the project. The 

project was initiated as my master’s thesis and was completed during my doctoral studies 

under the supervision of Prof. Dr. Volker Abetz and in cooperation with Prof. Dr. Carmen 

Herrmann. The engagement and expertise of Prof. Herrmann and her working group 

(especially Dr. Michael Deffner and Dr. Haitao Zhang) were essential for implementing DFT-

based calculations in our group and were invaluable for this project. 

This publication focused on two aspects: the influence of ring size and heteroatom substitution 

on the Li complexation of CEs, and the applicability of DFT calculations in this context. Fifteen, 

twelve-, and nine-membered benzo-CEs were simulated, whereby, in addition to the simulation 

of purely oxygen containing CEs, one donor atom was replaced by nitrogen or sulfur each. 

Complex formation with the ions found in high concentrations in seawater (Li+, Na+, K+, Mg2+, 

and Ca2+) was simulated. In addition to geometry optimizations, Hirshfeld population analyses 

and NBO analyses were performed. Frequency calculations approximated the system in vacuo 

and solution. The 15-membered thio-CE showed the best Li/Mg selectivity. The estimation of 

comparability of the simulated data with experimental results led to the extraction of all relevant 

ions in a dichloromethane/water system of aza-15-crown-5. Although smaller absolute values 

were found, the confirmation of the observed trends showed that computational methods make 

a valuable contribution to the assessment of CE-cation interactions. These results are 

particularly useful for reducing complex, time consuming and potentially hazardous CE 

syntheses and therefore contribute to further development of methods for sustainable Li mining 

from seawater. 

The supplementary information connected to this publication can be found in section 9.2. 
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5.2. PUBLICATION 2 

This publication is reprinted with permission from S. Jaehnke, J. von Chamier 

Gliszczynski, B. Hankiewicz, V. Abetz, Systematic Investigation of a Crown Ether 

Functionalized PS-b-PMAA Block Copolymer for Optimized Lithium Extraction From Aqueous 

Media, J. Polym. Sci. (2025) 1–11. Published by Wiley Periodicals LLC. 

Parts of this work were carried out in collaboration with Joachim von Chamier-Gliszczynski as 

part of his bachelor's thesis, under my supervision and guidance. His great commitment to this 

project is gratefully acknowledged. The software required for evaluating the DLS 

measurements was provided by Birgit Hankiewicz, whose expertise contributed significantly to 

the success of this project. 

The material investigated in this thesis comprises two components: the CE and a suitable 

matrix. Publication 1 explores various CEs with regard to their ability to complex Li. 

Publication 2 investigates the second component of the material, the polymer matrix, with the 

objective of maximizing Li extraction. To this end, a series of PS-b-PMAA block copolymers 

were produced and subsequently functionalized via Mitsunobu esterification with the 9-

membered benzo-CE (B9C3), enabling the formation of ML2-type sandwich complexes. The 

influence of the degree of polymerization (DP), the block length of the hydrophobic PS block, 

and the degree of functionalization of the PMAA block on Li complexation were systematically 

analyzed. 

LLE was performed in a biphasic dichloromethane/water system, the complexation constant 

was determined, and DLS measurements of the dissolved polymers were conducted before 

and after complexation. Optimal Li complexation was observed with high-molecular-weight 

systems (up to 310 kDa), a short length of the hydrophilic block (8wt% PMAA), and high 

functionalization with CE (72% functionalization of the PMAA units). Furthermore, DLS results 

showed that intramolecular complexation significantly occurs between the polymer chains.ix 

The combination of the polymer parameters, which found to be ideal, resulted in a system that 

enabled exceptionally high Li complexation, outperforming all other systems investigated. 

The supporting information connected to this publication can be found in section 9.3. 

  

                                                           
ix To investigate this further, studies by J. von Chamier Gliszczynski are already being conducted in 

our working group. 



 

88 

  



 

89 

  



 

90 

 

  



 

91 

  



 

92 

 

 

  



 

93 

 

  



 

94 

  



 

95 

 

  



 

96 

 

  



 

97 

 

  



 

98 

  



 

99 

5.3. PUBLICATION 3 

This publication is reprinted with permission from S. Jaehnke, V. Abetz, Electrospun, 

crown ether functionalized PS-b-PMAA block copolymer fibers for Li extraction from aqueous 

media, Desalination (2025) 119343 – Copyright 2025 Elsevier B.V. 

This work was done in close collaboration with the Helmholtz-Zentrum Hereon (Geesthacht). 

Gratitude belongs to Dr. Maryam Radjabian and Joachim Koll for their continuous support and 

expert technical guidance throughout this project. The EM service (Dr. Martin Held, Anke-Lisa 

Höhme, Dr. Erik Schneider, and Dr. Evgeni Sperling) should be acknowledged, not only for 

providing high-quality images, but also for their generous encouragement and valuable 

contributions to the interpretation of the data. 

Publications 1 and 2 systematically investigated the optimal conditions for Li complexation. 

These studies make a fundamental contribution to a deeper understanding of host-guest 

processes and enabled the successful optimization of the existing system. At the same time, 

the use of large quantities of solvents is not practicable on an industrial scale, and integration 

into existing processes would make much more sense from an ecological and economic 

perspective. Therefore, the third publication is devoted to converting the system into a solid, 

solvent-free form using electrospinning.  

To ensure high Li absorption in the solid material, thin (diameters of down to 1 µm) continuous 

fibers with a high surface-to-volume ratio were produced. The transition from the previously 

optimized system with B9C3 was technically successful, but did not show any significant 

complexation in solid-liquid extractions (SLE) in aqueous lithium salt solutions. An increase in 

the CE content led to a slight improvement, but remained below expectations. Analogous 

systems with 12-membered CEs with and without benzene substituents were produced, which 

meet an ideal size-fit criterion for lithium complexation. Surprisingly, the competing sodium 

sandwich formation known in solution did not occur. All systems investigated showed 

pronounced selectivity towards lithium. Particularly noteworthy is the material based on benzo-

12-crown-4 (B12C4), which proved to be the most effective. This exhibited the highest lithium 

capacities in the series of systems investigated with low CE consumption (14% 

functionalization of the MAA units). Publication 3 impressively demonstrates the potential of 

the system for lithium extraction, even for solvent-free applications. 

The supporting information connected to this publication can be found in section 9.4.  

Several attempts were made in the project to transfer the polymer system to alternative 

solvent-free forms—membranes and cubosomes—but these were not as successful as the 

production of electrospun fibers. The results are described in section 6 “Unpublished results”.  
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6. UNPUBLISHED RESULTS  

6.1. MEMBRANE PREPARATION  

This section is devoted to membrane development through the SNIPS process. The results 

presented here were carried out as preliminary work for the development of a solvent-free 

system from the block copolymers described. The transformation of the polymer system into a 

membrane form using the SNIPS process promises, with optimized parameters, to produce a 

material with a high surface/volume ratio, that can be manufactured on an industrial size, is 

scalable, energy-efficient and cost-efficient, and could be reused over several cycles with 

possible non-destructive decomplexation of Li. 

The work in this section was accomplished with the valuable support of students Andja Çela, 

Amrei Gouby, and Joel Senador Hauptvogel. Dr. Andreas Meyer, Amrei Gouby, and Joel 

Senador Hauptvogel contributed significantly to the AFM data acquisition. Dr. Zhenzhen Zhang 

provided essential insight and implementation support through her introduction to the 

fundamental processes of membrane fabrication. The excellent SEM and TEM images were 

produced by the EM Service at the Helmholtz-Zentrum Hereon (Dr. Martin Held, Anke-Lisa 

Höhme, Dr. Erik Schneider, and Dr. Evgeni Sperling) and form a key basis for the imaging 

analysis.  

6.1.1. PS-b-PMAA MEMBRANE  

As a first step toward developing a Li-selective polymer membrane, membranes were 

produced from the unfunctionalized block copolymer. The aim was to characterize the basic 

self-assembly behavior of the polymer in various solvents in order to generate decisive 

information for subsequent processing. Modification of the polymer changes the solvent affinity 

according to the selected CE and its degree of functionalization. Based on the findings 

obtained in this chapter, subsequent processing should be facilitated by assessing the solvent 

affinities. To support this assessment, solubility parameters were calculated as part of this 

work, but also from preliminary work by Andres Castro Villavicencio (under the supervision of 

Dr. Iklima Oral), which are (partially) transferable to the system used here. These are 

introduced at an appropriate point. The synthesis of a non-functionalized membrane also 

serves as a starting point for potential post-modification, in which functionalization with CE 

takes place after the block copolymer’s self-assembly into an ordered structure. However, this 

alternative approach should not be the focus here and will be addressed in section 7.4. 

To guarantee a high level of environmental compatibility for the system, water ought to be used 

as the precipitation bath. This is suitable for this application since the polymer is not water-
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soluble before and after functionalization due to its desired applicability in seawater. At the 

same time, the non-solvent bath represents the largest amount of liquid in the SNIPS process 

and therefore offers the greatest potential for an environmentally friendly and sustainable 

manufacturing process, even though it still has to be purified before disposal.  

The solvent chosen for the polymer must be miscible in the precipitation bath, i.e., it must be 

water-soluble. Based on initial research results by I. Oral66 and K. Foroutani et al.189, 1,4-

dioxane (DOX) was initially selected as the solvent. DOX is a selective solvent for the PS block, 

which is also confirmed by the calculated Flory-Huggins-Staverman parameters being χPS-

DOX=0.15 and χPMAA-DOX =1.03. Moreover, attention should be paid to the potential solubility of 

PMAA in water. In the supporting information for publication 2 (section 9.3), the interaction 

parameters χPS-water and χPMAA-water were determined to be 1.83 and 0.78, respectively. In order 

to reduce possible solvation of the PMAA block, the precipitation was carried out at low 

temperatures (<4°C). 

 

Figure 32: Scanning electron microscopy images of PS80-b-PMAA20
170 diblock copolymer (Ð=1.5; 20wt% in 1,4-

dioxane (DOX), evaporation t=60 s, non-solvent T=2.2 °C, humidity=33%, r.t.= 16°C). Sputter coated with 1-1.5 nm 
Pt. Acceleration voltage of 1.5 – 3kV. Shown are top view (a, mag=50 000x), cross-section (b, mag= 1000x), bottom 
(c, mag=10 000x and e, mag=50 000x) and upper surface (d, mag=10 000x and f, mag= 50 000x). Data by 
Helmholtz-Zentrum Hereon. 

Figure 32 shows a top view and cross-section of the polymer film produced from a solution of 

PS80-b-PMAA20
170 in DOX (20wt%; with 80 wt% PS, 20 wt% PMAA and a MW of 170 kDa). 

The film was free-standing on a glass substrate with a drying time of 60 seconds, at an 

environmental temperature of 16°C, humidity of 33%, and a non-solvent bath temperature of 

2.2°C. In the top view (Figure 32, a), an orderly and isoporous surface structure appears 

evident. Thus, self-assembly of the block copolymer occurred in DOX. Considering the system, 

the increased affinity of PS to the low-volatility DOX suggests micelle formation consisting of 

PMAA blocks within a PS matrix. The apparent interaction of PMAA with the non-solvent 
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enhances the localization of the hydrophilic blocks at the pore walls.  The surface structure 

indicates the formation of spherical and standing cylindrical pores with an average pore 

diameter of 41.4 ± 10 nm (measured over 50 pores). The presence of spherical morphology 

can be assumed, as the pores only partially exhibit optical depth and opening in both the cross-

sections and the top view. The asymmetric structure of the membrane is evident in cross-

section (Figure 32, b–f), which shows increasing porosity up to a dense bottom surface. Flow 

measurements would be reasonable to perform, in order to verify the optical assessment of 

the pore porosity. However, since the focus of this work was on the formation of functional 

membranes, preferably on already functionalized polymer material, film preparations were 

performed with the variously functionalized PS-b-PMAA copolymer based on the results of the 

unfunctionalized polymer. 

6.1.2. B9C3-MEMBRANE  

In the LLE, the polymers functionalized with B9C3 proved to be highly Li-selective. This 

is presumably due to the formation of ML2 complexes. For this reason, it is advisable not to 

reduce the functionalization density of the polymers too much in order to enable a 

predetermined spatial proximity of the CEs. This is particularly important in solvent-free 

systems, in which the mobility of the chains is additionally restricted. This section describes 

the initial results for two B9C3-functionalized PS-b-PMAA block copolymers, PS74-b-P(MAA15-

r-CEB9MA11)121 and PS67-b-P(MAA10-r-CEB9MA22)199 with a functionalization of 20% and 40% 

respectively. 

 

Figure 33: Scanning electron microscopy images of PS74-b-P(MAA15-r-CEB9MA11)121 (Ð=1.4; 27wt% in 1,4-
dioxane, evaporation t=90 s, non-solvent T=1.9 °C, humidity=46%, r.t.= 15°C). Sputter coated with 1-1.5 nm Pt. 
Acceleration voltage of 1.5 – 3kV. Shown are top view (a, mag=50 000x), cross-section (b, mag= 1000x), bottom 
(c, mag=10 000x and e, mag=50 000x) and upper surface (d, mag=10 000x and f, mag= 50 000x). Data by 
Helmholtz-Zentrum Hereon. 
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Figure 33 illustrates SEM images of PS74-b-P(MAA15-r-CEB9MA11)121. The surface shows 

hardly any open pores, which is also confirmed by the cross-sectional images. Instead, worm-

like morphologies are visible on the film surface, as well as spherical indentations. This may 

be due to the long evaporation time. However, films drawn at shorter evaporation times did not 

exhibit any visible self-assembly. The cross-sectional images reveal a relatively compact 

polymer matrix interspersed in places with large pore domains. Similar surface structures are 

visible for the polymer PS67-b-P(MAA10-r-CEB9MA22)199 in Figure 34. In this case, exclusively 

worm-like, closed structures are recognizable. At 30 s, the evaporation time is significantly 

reduced compared to the previous sample, while the concentration of the solution (20wt%) 

corresponds to that of the unfunctionalized polymer. 

 

Figure 34: Scanning electron microscopy image of the surface of PS67-b-P(MAA10-r-CEB9MA22)199 (Ð=1.5; 20wt% 
in 1,4-dioxane, evaporation t=30 s, non-solvent T=1.5 °C, humidity=41%, r.t.= 17°C). Sputter coated with 1-1.5 nm 
Pt. Acceleration voltage of 3kV. Magnitude= 50 000x. Data by Helmholtz-Zentrum Hereon. 

The structures indicate disturbed self-organization of the polymer with CE functionalization of 

the hydrophilic block. With Flory-Huggins-Staverman parameters of the functionalized MAA 

block of χB9C3MA-DOX=0.84, the affinity of the solvent to the pore-forming block is significantly 

increased with functionalization. Furthermore, the mass of the hydrophilic block increases 

during functionalization, shifting the weight ratio of the blocks toward P(MAA-r-CEB3MA). The 

“worm-like” structures could indicate cylindrical morphologies perpendicular to the film surface. 

At the same time, if the evaporation time is too long, it is possible that the pores will collapse 

due to increasing structural instability (especially if the proportion of the matrix-forming block 

is low). Additives can be added to the polymer solution to adjust the membrane morphology, 

as described in the following section. 

6.1.3. ADDITIVES FOR MEMBRANE FORMATION 

  The membrane morphology can be adjusted by additives such as γ-butyrolactone 

(GBL)190, polyethylene glycol191, or salts (silver, zinc, or copper salts)192. By adding the low-

volatility GBL, the solvent evaporates more slowly and the block copolymer has more time for 

efficient self-organization. At the same time, GBL changes the miscibility with the non-solvent 
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water, which can have a direct influence on pore formation. In work by Clodt et al.190, the 

addition of GBL to an amphiphilic block copolymer of PS and poly-4-vinylpyridine (P4VP) led 

to a lower required polymer concentration and, consequently, the formation of a more open 

substructure. Similarly, membranes were produced from functionalized PS67-b-P(MAA10-r-

CEB9MA22)199 and non-functionalized PS80-b-PMAA20
170 with the addition of GBL to the 

polymer solvent. Another approach was chosen by adding low-molecular-weight polyacrylic 

acid (PAA). PAA was intended to support self-assembly via non-covalent interactions with the 

free carboxylic acid groups of P(MAA-r-CEB3MA). Subsequently, the low-molecular-weight 

PAA would be washed out by the precipitation bath, leaving behind a more defined pore 

structure. The results for the film preparation with addition of GBL or PAA are summarized in 

Figure 35. 

 

Figure 35: Scanning electron microscopy image of the surface of PS80-b-PMAA20
170 (a, 20wt% in 1,4-dioxane 

(DOX); c, 20wt% in DOX + 1wt% poly(acrylic acid) (PAA; 2100 Da), evaporation t=30 s, non-solvent T=1.5 °C, 
humidity=50%, r.t.= 18°C; e, 20wt% in DOX/ γ-butyro lactone (GBL; 70wt%/10wt%), evaporation t=30 s, non-solvent 
T=1.6 °C, humidity=50%, r.t.= 18°C) and PS67-b-P(MAA10-r-CEB9MA22)202 (b, 20wt% in DOX; d, 20wt% in DOX + 
1wt% PAA (2100 Da), evaporation t=30 s, non-solvent T=1.5 °C, humidity=41%, r.t.= 17°C; f, 20wt% in DOX/GBL 
(70wt%/10wt%), evaporation t=30 s, non-solvent T=1.0 °C, humidity=41%, r.t.= 17°C). Sputter coated with 1-1.5 nm 
Pt. Acceleration voltage of 3kV. Magnitude= 50 000x. Data by Helmholtz-Zentrum Hereon. 

The addition of PAA to PS-b-PMAA causes significantly smaller and less defined pores. It 

appears as if swelling occurs during the process. This could indicate a possible morphological 

distortion due to the simultaneous interaction of PMAA and PAA as well as PAA and water. 

The addition of PAA has little effect on the functionalized polymer. The addition of GBL, on the 

other hand, leads to significantly larger pore formation in the unfunctionalized block copolymer. 

However, this behavior cannot be transferred to the polymer functionalized with B9C3. In order 

to improve self-organization, polymers with B12C4 and with lower functionalization were 

investigated in various solvent mixtures. With regard to the results from section 5.3, these 

polymers are of particular interest as they yielded good results in the production of electrospun 

fibers. 
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6.1.4. B12C4-MEMBRANE  

Films were also produced using the SNIPS process from the B12C4-functionalized 

polymer PS75-b-P(MAA16-r-CEB12MA8)118. Solutions of the Polymer in DOX were prepared, as 

in the previous experiments, as well as in a mixture of DMF and THF. THF is a selective solvent 

for the PS block (χPS-THF=0.19, χPMAA-THF=0.55)66, DMF for the PMAA block (χPS-DMF=0.75, χPMAA-

DMF=0.11)66. 

 

Figure 36: Scanning electron microscopy images of the surface of PS75-b-P(MAA16-r-CEB12MA8)118 (Ð=1.5; a and 
b, 20wt% in 1,4-dioxane, evaporation t=5 s and 20 s, non-solvent T=1.5–1.7 °C, humidity=32%, r.t.= 18°C; c and 
d, 25wt% in N,N’-dimethylformamide (DMF)/ tetrahydrofuran (THF) 30/70 (V/V), evaporation t=5 s and 20 s, non-
solvent T=1.7 °C, humidity=42%, r.t.= 18°C; e and f, 25wt% in DMF/THF 50/50 (V/V), evaporation t=5 s and 20 s, 
non-solvent T=1.6–1.9 °C, humidity=44%, r.t.= 18°C). Data by UHH. EHT= 1 kV. Mag (a–d)=50 000x, Mag (e,f)= 
25 000x. 

The films, produced from a DOX solution, show a worm-like appearance and a few small 

spherical openings (Figure 36 a,b). Here as well, self-assembly appears to be disrupted by the 

presence of CE. The evaporation time was reduced to 5 s and 20 s. However, since no 

difference in morphology can be detected between these time intervals, it is assumed that 

varying this factor will not produce any improvement. At 118 kDa, the molar mass of the 

polymer is reduced compared to the polymer described in the previous section (PS67-b-

P(MAA10-r-CEB9MA22)199), and the functionalization is lower at only 10% of the MAA units. This 

could contribute to improved self-organization. The results of the DMF/THF mixture are given 

in Figure 36 c-f. With equivalent volumes, no self-assembly occurred after 5 s, but after 20 s 

pronounced worm-like indentations appeared in the surface. With an excess volume of the 

more volatile THF (30/70 DMF/THF), horizontal cylinders with a few spherical openings initially 

formed after 5 s. After 20 s, this structure appeared to be even more pronounced. Self-

assembly into a structure with spherical openings perpendicular to the surface (double gyroid 

or cylindrical) seemed to have developed. Cross-sectional images and flow measurements 

could provide more detailed information about the membrane properties and porosity. 
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However, since these were only preliminary tests, the promising topic of membrane production 

from block copolymers was not pursued further. In particular, the B12C4-based polymer, which 

also yielded good results in electrospinning, formed the most interesting surface structures so 

far. Due to the ML single complexation of B12C4 with Li, it is reasonable to keep the 

functionalization low in order to avoid ML2 complexation with the competing sodium ion. Low 

functionalization is apparently also beneficial to the membrane structure.  

6.1.5. EXPERIMENTAL SECTION  

In the following, the experimental setup and reagents used for the film preparation 

according to the SNIPS process will be mentioned. 

Materials 

All chemicals were used as received unless otherwise noted. The polymers were synthesized 

according to known literature and publications 2 and 3. Functionalizations with the hydroxy 

functionalized CEs were performed also according to Publications 2 and 3, via Mitsunobu 

esterification. THF (99.7%, Fisher Scientific, Hampton), DMF (99.8%, Fisher Scientific, 

Hampton), DOX (99%, Grüssing, Filsum), GBL (99.7%, TH. Geyer, Renningen), PAA (2100 

g/mol; 99%, Aldrich, Steinheim). Water was purified via a Milli-Q purification system 

(18.1 MΩcm at 25 °C).  

SNIPS Procedure 

The casting solutions were prepared and mixed for at least 12 hours at 40°C and 300 rpm until 

they appeared homogenous. Afterwards, solutions were transferred into a syringe and casted 

on a glass plate with a thickness of 200 µm, using a metal doctor blade. After the evaporation 

time, the glass plates were transferred into a precooled water bath (volume of 1 L). After 4 h, 

the detached polymer films were put on a silicon mat and dried in vacuum (40°C) for 24 h.  

Scanning electron microscopy 

Scanning electron microscopy (SEM) characterization was performed with an Merlin SEM 

(Zeiss, Oberkochen, Germany) or with a LEO GEMINI 1550 (Zeiss, Oberkochen, Germany). 

The polymer samples were dried for 72 h (vacuum, 60 °C) before measurement. Afterwards 

the samples were sputter-coated at Helmholtz-Zentrum Hereon (platinum, 1–1.5 nm) with a 

CCU-010 coating device (Safematic, Switzerland) or at UHH without further coating. The pore 

diameters were determined by analyzing 50 data points, using the software ImageJ (version 

1.51f). 
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6.2. CUBOSOME PREPARATION  

This section is focused on the conversion of the described block copolymers into 

cubosomes. As outlined in section 3.5.4, cubosomes are porous, spherical particles on a nano- 

to micrometer size scale. The transition of the described amphiphilic polymer material into a 

cubic phase promises, with targeted optimization of the process parameters, the creation of 

stable and highly organized particles with a large internal surface area, resulting in a high 

capacity for active surface processes (such as Li complexation) and the potential for targeted 

(Li) release. Cubosomes show promising application potential in selective ion separation. On 

the one hand, they can be used in a similar way to chromatographic column materials, whereby 

Li ions can be specifically filtered out of aqueous media. On the other hand, it is possible to 

use the particles in larger, but spatially isolated aqueous volumes for complexation. Compared 

to other nanoscale structures such as micelles, cubosomes offer the decisive advantage that 

they can be specifically separated by sedimentation. This process can be accelerated by 

centrifugation if necessary. This property facilitates the recovery and reusability of the particles 

and makes them particularly attractive for resource-saving Li extraction from water.  

This project was realized in valued collaboration with the research group of Prof. Dr. André 

Gröschel (University of Bayreuth). Following collaborative conceptualization, the B9C3-

functionalized diblock copolymers PS-b-P(MAA-r-CEB3MA) produced at the University of 

Hamburg were processed into cubosomes by Marcel Schumacher (University of Münster) and 

analyzed as such. We greatly appreciated the collegial cooperation and professional dialogue. 

Polymers, carefully synthesized by Joachim von Chamier Gliszczynski and Erika Werner 

during their internships under my supervision, were used for this project.  

6.2.1. B9C3 CUBOSOMES  

The cubosomes were produced from the B9C3-modified block copolymers. 

Cubosomes are typically produced from block copolymers with large discrepancies in block 

lengths (f ≥ 0.9).174,175,179 In this work, PS90-b-PMAA10 (MW=80 kDa, Ð=1.32) and PS95-b-

PMAA5 (MW=160 kDa, Ð=1.58) were used as starting points. After CE functionalization, the 

polymers PS83-b-P(MAA5-r-CEB3MA12)87 and PS94-b-P(MAA4-r-CEB3MA2)162 were obtained. It 

should be noted that the hydrophilic block increases considerably in weight due to the bulky 

CE after functionalization.  

For optimizing the parameters, various solvent mixtures consisting of DMF and DOX 

were used, as well as various precipitation baths of methanol (MeOH) or water (ranging in pH 

values from 4 to 10). Figure 37 shows the results for the polymer PS94-b-P(MAA4-r-

CEB3MA2)162. 
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Figure 37: Scanning electron microscopy data of nano-precipitated PS94-b-P(MAA4-r-CEB3MA2)162. 1,4-dioxane 
(DOX) or DOX/N,N’-dimethylformamide (DMF) was used as solvent (mixture), water (pure or with additional Acetic 
acid (AcOH) or triethylamine (NEt3)) or methanol (MeOH) were used as non-solvent. Data was received from M. 
Schumacher (University of Münster). EHT= 2 kV. Mag=3440 – 26690x. 

The production of cubosomes via nanoprecipitation was partially successful. The precipitation 

of PS94-b-P(MAA4-r-CEB3MA2)162 (functionalization of the PMAA of 14%) from DOX in MeOH 

proved to be most promising. In contrast, the precipitation of the polymer from DOX in water 

was not successful; no spherical structures emerged, reflecting the non-solvent dependence 

of the morphology. DOX exhibits greater selectivity for the PS block. By adding DMF, which 

has a higher affinity for the PMAA block, it was possible to approximate the structure of a 

sphere more closely. However, no porosity was achieved.  

Since PMAA acts as a pH-sensitive block, it can be assumed that the acidity of the precipitation 

bath has a direct influence on self-assembly. By adding acetic acid (AcOH, pH=4), the free 

MAA units are largely protonated, reducing the repulsive interactions within the hydrophilic 

segment. a0 is decreased and p is increased, which favors the formation of cubosome-like 

structures. However, an improvement in spherical porosity could not be achieved in this case. 

If the pH value of the precipitation bath is increased, for example by the addition of 

triethylamine (NEt3, pH=10), the MAA units are predominantly deprotonated. Thus, more 

electrostatic repulsion occurs and p decreases. In fact, more pronounced porosity can be 

observed, but no spherical structures. When the polymer was precipitated from DOX to MeOH, 

spherical particles with porous surface formed. Unlike in an aqueous medium, the PMAA block 

swells less strongly in MeOH. The resulting lower a0 leads to a larger p and to the obviously 

more effective formation of inverse structures in a spherical shape. Due to the existing fixation, 

subsequent dialysis has no effect on the particle’s structure. 
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SEM data of the nano-precipitated PS83-b-P(MAA5-r-CEB3MA12)87 (functionalization of the 

PMAA of 40%) is summarized in Figure 38.  Nanoprecipitation was performed in MeOH or 

water from polymer solutions in DOX/DMF or pure DMF. 

 

Figure 38: Scanning electron microscopy data of nano-precipitated PS83-b-P(MAA5-r-CEB3MA12)87. N,N’-
dimethylformamide (DMF) or 1,4-dioxane (DOX)/DMF was used as solvent (mixture), water or methanol (MeOH) 
were used as non-solvent. Data was received from M. Schumacher (University of Münster). EHT= 2 kV. Mag=6560 

– 23070x. 

While initial nanoprecipitation attempts in MeOH from DOX solution showed promise, 

repeating the results proved challenging due to different solubility behaviors of the polymers. 

Pure DOX did not yield a stable solution, highlighting the need for a tailored solvent 

combination. For this reason, various proportions of DMF were added (from 25 to 100% DMF). 

Initially, a precipitation from DOX/DMF (3/1 V/V) was carried out in MeOH and water as a non-

solvent. Significant differences in the developed morphology were observed. Although 

precipitation in water proved ineffective, MeOH enabled the successful formation of porous, 

isolated particles. With a decreasing proportion of DMF in the solution the particles are less 

vesicle-shaped and the size and porosity of the resulting particles increases considerably.  

Increasing the DMF content results in more selective solvation of the PMAA block. This results 

in a larger a0, thereby reducing p – self-organization shifts toward vesicular, micellar structures. 

Conversely, the application of more DOX results in a compaction of the hydrophilic segment, 

a smaller a0, and thus a larger value for p. Consequently, cubosome-like structures with 

negative curvature form despite the comparatively large weight fraction of the hydrophilic 

segment. It was possible to produce cubosomes from the highly functionalized polymer by 

specifically selecting a suitable solvent mixture that compresses the hydrophilic part but 

remains above the solubility limit in combination with a suitable precipitation bath. This is 

particularly interesting as the polymer's Li complexing capacity is largely determined by the CE 

functionalization in the corona, which are kept high at 16.9wt% with the developed method. 

Further optimizations could lead to an even higher CE content and a more spherical shape.  
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While particle yield in the upscaled approach (up to 200 mg) remains modest, the successful 

demonstration of cubosome formation marks a significant milestone. The findings form a solid 

basis for further investigations into the functional capacity and applicability of the structures. 

6.2.2. EXPERIMENTAL SECTION  

In the following, the experimental setup and reagents used for the cubosome 

preparation via nanoprecipitation process will be mentioned. 

Materials 

The polymers were synthesized according to known literature and publication 2. 

Functionalization with the hydroxy functionalized CE was performed also according to 

publication 2, via Mitsunobu esterification. Further information on the purity of the solvents 

used for nanoprecipitation is not available, as this was carried out by a cooperation partner.  

Nanoprecipitation Procedure 

Nanoprecipitation was performed at the University of Münster. Water was used Milli-Q grade. 

Dialysis tubes had a molecular weight cutoff of 3500 g/mol. The solutions were prepared in 

DOX/DMF or pure solvent until they appeared homogenous in concentrations ranging from 

0.01 – 10wt%. The solution was gently stirred during self-assembly. 1 mL of selective solvent 

(water, aqueous solution or MeOH) was added within 1 h to 1 mL of polymer solution. The 

needle was thereby submerged in the assembly solution. After nanoprecipitation, the solutions 

were dialyzed against water with 5 bath changes every min. 4 h. The particles were stored in 

aqueous solutions. 

Scanning electron microscopy 

The data was provided by Marcel Schumacher from the University of Münster.   
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7. DISCUSSION 

This chapter is intended to emphasize the red thread of this work, by summarizing the 

outcomes of the published and unpublished results presented before. Therefore, each chapter 

will be recapped in an adequate place and the importance in the context of this thesis will be 

outlined.    

7.1. COMPUTATIONAL MODELING OF CES 

The system developed for selective Li extraction from aqueous environments combines 

two components: a functionalizable polymer matrix and an active CE component. Preliminary 

work by I. Oral revealed a strong correlation between the efficiency and selectivity of CE-Li 

binding and the size, i.e., the size of the CE, its hydrophobicity, and the donor atoms 

included.62,66 Publication 1 takes up this finding and goes one step further. Targeted structural 

modifications are discussed with the aim of improving Li complexation, particularly with regard 

to the highly competitive magnesium ion. To recap: With a similar ionic radius but a divalent 

charge, the electron density of the magnesium ion is higher than that of the Li ion and thus the 

strength of the electrostatic interactions with classical CEs.  

The synthesis of CEs can be time-consuming and resource-intensive. This is especially the 

case when no synthesis protocols have been developed so far. In addition, the lack of 

toxicological characterization of CEs makes it difficult to assess potential hazards. This is 

particularly concerning given that a potential benefit for Li extraction does not necessarily arise. 

Molecular structure calculations provide a valuable opportunity to evaluate molecular 

properties theoretically in advance without the need for tedious synthesis procedures. 

Moreover, these enable deep insight into structure-function relationships, charge distributions, 

thermodynamic parameters, spectroscopic and other properties. In publication 1, molecular 

structure optimizations were performed based on density functional theory. 

As part of these calculations, benzo-CEs of various sizes (9-, 12-, and 15-membered) were 

modeled. In addition to fully oxygen-containing CEs, one donor atom was specifically replaced 

by nitrogen or sulfur in each case to determine the electronic and structural effects of this 

substitution. Based on the HSAB principle, donor atoms with a larger radius and polarizability 

(O < N < S) represent softer Lewis bases, resulting in a more favorable interaction with softer 

Lewis acids. The structures are shown in Figure 39.  
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Figure 39: Overview of crown ether structures with different donor atoms and cavity sizes. 

The complex formation of the modeled CEs with ions typical for seawater (Li+, Na+, K+, Mg2+, 

and Ca2+) was systematically investigated. The charge distribution within the complexes was 

estimated by Hirshfeld population analysis and NBO analysis. These were supplemented by 

frequency calculations of the systems in vacuum and solution. Of special interest is the 15-

membered thio-CE, which exhibited increased selectivity towards Li compared to magnesium. 

To validate the theoretical results, an extraction experiment with aza-15-crown-5 in a 

DCM/water mixture was performed, confirming the applicability of DFT studies in this context. 

The results showed promising predictions by computer-assisted simulations as a strategic tool 

for reducing experimental effort in CE synthesis. These findings become relevant further in 

publication 3 as a supporting tool in the explanation of the different complexation behaviors of 

CEs.  

Publication 1 focused on ML type complexation, ML2 complexes were not investigated at this 

stage. However, this was changed in publications 2 and 3 and is notably relevant in the 

application of a polymer matrix. 

7.2. CE-POLYMERS IN SOLUTION 

Within the context of application technology, the use of a matrix for immobilizing the CEs 

in solution is essential to ensure manageability and recovery of the complexes that are formed. 

In this work, an amphiphilic block copolymer (PS-b-PMAA) was utilized, whose hydrophilic 

block offers the possibility of functionalization. In previous work, a PS-b-P(MAA-r-CEXMA) with 

X as B9C3 was employed, which showed excellent Li selectivity over other alkali metal ions. 

In fact, Li complexation was increased by several orders of magnitude compared to free CEs. 

This was attributed to the initially reduced degrees of freedom of the matrix-bound CE and the 

associated lower entropy decrease during complex formation in an ML2 type. 

Publication 2 further increases the efficiency of the system—not only scientifically, but also in 

terms of large-scale applicability. In this publication, a systematic variation of the polymer-CE 

system was carried out and the influences of these variations were quantified. The focus was 

on three parameters: the total degree of polymerization (i.e., the molecular weight of the 

polymer), the length of the hydrophobic PS segment with a constant hydrophilic block, and the 
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density of the CE functionalization. Analogous to the preliminary work, the behavior of the 

polymers was examined in a two-phase mixture of DCM and aqueous salt solution. 

The key findings of this section are as follows: A high molecular weight (up to 310 kDa), a low 

proportion of the hydrophilic block (8wt% PMAA), and a high functionalization of the PMAA 

block with the CE (72%) were beneficial for the Li uptake of the material. DLS measurements 

and DOSY-NMR measurements also revealed a strong preference for intramolecular 

interactions between the chains. Li complexation improves with increasing molecular weight, 

as the entropy loss during the formation of ML2 complexes decreases relatively for longer 

chains. In addition, the increased flexibility of the longer chains enables a more efficient 

intramolecular approximation of distant CEs. The high complex stability based on small PS 

blocks can be attributed to the different solubility behavior of the blocks in DCM. PS exhibits 

an increased affinity to DCM, while PMAA exhibits an increased affinity to water. With 

increasing PS content, the solubility changes accordingly, particularly at the decisive phase 

interface. With high functionalization, complex formation increases, firstly because the 

probability of spatial proximity between two CEs is higher and secondly because the loss of 

conformational entropy (with constant enthalpy gain and loss in translational entropy) per 

newly formed ML2 becomes relatively smaller. This effect becomes increasingly pronounced 

with increasing functionalization.    

In combination with these optimized parameters, the material exhibited exceptionally high Li 

complexation, which outperformed all previously compared materials.   

7.3. CE-POLYMERS IN SOLID-STATE 

Since the use of large quantities of organic solvents is not feasible on an industrial scale, 

it was necessary to shift the material's application range from solution to solid-state. This type 

of system requires a large active surface area to ensure efficient interaction between the 

material and its environment. For this purpose, three processing forms with a large surface-to-

volume ratio were considered: membranes, cubosomes, and electrospun fibers. The starting 

point for these three methods is a solution of the polymer in an organic solvent, whose block 

affinities are intended to contribute to the efficient self-assembly of the block copolymer.  

The production of membranes using the SNIPS process and the production of cubosomes via 

nanoprecipitation have several similarities. Nanostructured materials are produced through 

controlled self-assembly and subsequent phase separation. Both processes are based on a 

bottom-up approach to the production of nanostructures without mechanical comminution. The 

resulting structure is fixed by solvent-non-solvent exchange. In this work, cubosomes were 

successfully produced from B9C3-functionalized polymers, with the yield still having potential 
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at a maximum of 200 mg cubosomes per batch. Following the successful production of PS-b-

PMAA membranes, the production of B9C3 or B12C4 functionalized membranes still presents 

a challenge – self-assembly appears to be significantly disrupted by the introduction of 

aromatic CEs.  

The most promising and successful approach in this work was reported in publication 3, the 

production of electrospun fibers from functionalized polymers. The implementation of B9C3, 

B12C4, and 12C4-functionalized polymers was straightforward and feasible on a large scale. 

The fine fibers (approx. 1000 nm) produced from a polymer solution spun in a high-voltage 

field additionally demonstrated the ability to complex Li. In particular, the B12C4-based 

polymer exhibited a high Li capacity with optimal selectivity towards sodium. This leads to the 

conclusion that ML-type complexation is clearly preferred over ML2 complexation in the solid 

state. It was therefore possible to enable effective Li complexation in the presence of 

competing sodium ions in a form relevant to application technology—electrospun fibers. In 

addition, the suitability of 12-membered CEs in this context was demonstrated, a very 

interesting deviation from the behavior in solution, in which both free and matrix-bound ML2 

complexes are primarily formed. 

These promising results open up prospects for further research approaches, which are outlined 

in the next section.    

7.4. OUTLOOK 

The amphiphilic diblock copolymer presented in this work showed promising results as a 

matrix for the CE-based system for Li extraction from seawater. At the same time, it is 

conceivable that this matrix could be further optimized.  

One possibility for this could be the substitution of the MAA block with a polymeric amine, such 

as polyallylamine. This would enable subsequent conversion with an acid-functionalized CE—

which has already been successfully produced by Marc Weber in his bachelor's thesis under 

my guidance—to form an amide group. Compared to esters, amides have the advantage of 

increased temperature and hydrolysis resistance. This would significantly increase the range 

of applications for the material. 

Furthermore, the polymer backbone could be varied to such an extent that the self-assembly 

of the blocks in solution is less restricted. One way of achieving this would be to produce PS-

b-PMCEXMA-b-PMAA triblock copolymers. For this purpose, the MAA monomer could be 

functionalized prior to polymerization. Subsequent sequential polymerization would result in a 

triblock copolymer with defined blocks. An advantage of this system would be the gradual 

increase in the hydrophilicity of the system along the chain, which could support self-assembly.  
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Another possibility for supportive self-organization is the synthesis of so-called asymmetric 

bottle-brush polymers. These structures are known to promote slow self-assembly, especially 

at high molecular weights, by counteracting strong tangling due to the side chains.193,194 Here, 

the PS block could be present as a long unbranched block—thus representing the “grip” of the 

brushes—whereas the hydrophilic, active part occurs as an accumulation of short-chain dense 

side chains—analogous to the "brushes". The self-assembly of such a polymer has been 

described in works by Liberman et al.193 and is schematically represented in Figure 40. 

 

Figure 40: Formation of a gyroid structure by self-assembly of a linear bottle-brush polymer. Reprinted with 

permission from Ref. 193. Copyright 2022 American Chemical Society. 

The membrane formation of the unfunctionalized diblock polymers was successful. In order to 

circumvent the challenge of the disturbed self-organization of functionalized polymers, a post-

modification approach could also be chosen. Since the membrane structure remains stable in 

aqueous solution, post-modification could take place using an esterification method that is 

feasible in water (e.g., Steglich esterification). A prerequisite for this would be the use of water-

soluble CEs such as hydroxy-functionalized 12-crown-4.  

Another interesting area of research would be the formation of a CE-based hydrogel. 

Hydrogels are three-dimensional, water-rich polymer networks. The formation of network 

points could be achieved by targeted modification of the polymer matrix, for example by 

introducing graft polymers. Polymers such as P(NIPAM) or chitosan are known for the 

formation of hydrogels and therefore represent a potential starting point for the development 

of (stimulus-responsive) systems. In fact, the ongoing research by Amrei Gouby (from our 

working group) is targeting this aspect. Furthermore, network formation might also be 

controlled via CE complexes. For example, ML2 complexes with targeted complexation of Li 

could function as reversible cross-linking units. In such a system, the water-soluble polymer 

would transition to a gel-like state once Li ions are present, whereby the chains would be 

interconnected via the formation of CE-Li complexes. The gel could subsequently be recovered 

from the aqueous medium.   

The controlled release of Li ions from the complex system is another relevant aspect of future 

research. Photochemical, thermal, or charge-induced stimuli appear promising for targeted 

decomplexation. Of particular interest in this context is the possible integration of an aza-CE, 

whose structure allows for phase-dependent charge modulation. Targeted protonation within 
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the ring system could induce a positive charge, destabilizing the Li bond and thus enabling its 

release.   

Overall, despite the already highly satisfactory and encouraging results, the subject addressed 

in this work opens up a wide range of further intriguing questions that can serve as a starting 

point for additional research. 
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9.5. SAFETY 

The chemicals used in this work and their classification according to GHS are listed in 

Table 2, the specific CMR classification is listed in Table 3.  

Table 2: Chemicals and their classification according to GHS. 

Substance 

 

Symbols Hazard Statement Precautionary 

Statement 

Acetone 

 
Danger 

H225, H319, H336, 
EUH066 

P210, P233, P240, 
P241, P242, 
P305+P351+P338 

Acetonitrile 

 
Danger 

H225, 
H302+H312+H332, 
H319 

P210, P280, 
P301+P312, 
P303+P361+P353, 
P304+P340+P312, 
P305+P351+P338 

Aluminium oxide (basic) Not classified as hazardous according to CLP (Regulation (EC) 
1272/2008). 

8-Anilino-1-
naphthalenesulfonic acid 
hemimagnesium salt   

Warning 

H315, H319, H335 P261, P264, P271, 
P280, P302+P352, 
P305+P351+P338 

Aza-15-Crown-5 

 
Warning 

H315, H319, H335 P261, P264, P271, 
P280, P302+P352, 
P305+P351+P338 

4,4-Azobis(4-cyancovaleric 
acid) 

 
Danger 

H242 P210, P234, P235, 
P240, P370+P378, 
P403 

Benzo-12-crown-4 

 
Warning 

H315-H319 P264-P280-
P302+P352+P332+ 
P313+P362+P364-
P305+P351+P338+ 
P337+P313 

Benzo-9-crown-3 No classification available. 
Bis-(2-chloroethyl)-ether 

 
Danger 

H226, 
H300+H310+H330, 
H351 

P202, P210, P264, 
P280, 
P303+P361+P353, 
P304+P340+P310 

Carbon disulfide 

 
Danger 

H225, H315, H319, 
H332, H361fd, H372 

P202, P210, 
P303+P361+P353, 
P304+P340+P312, 
P305+P351+P338, 
P308+P313 

Catechol 

 
Danger 

H301+H311, H315, 
H317, H318, H341, 
H350 

P202, P261, P280, 
P301+P310, 
P302+P352+P312, 
P305+P351+P338 

 

Chloroform-d1 

 
Danger 

H302, H315, H319, 
H331, H336, H351, 
H361d, H372 

P202, P301+P312, 
P302+P352, 
P304+P340+P311, 
P305+P351+P338, 
P308+P313 
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Continuation Table 2: Chemicals and their classification according to GHS. 

Substance 

 

Symbols Hazard Statement Precautionary 
Statement 

12-Crown-4 

 
Danger 

H330 
 

P260, P271, P284, 
P304+P340+P310, 
P403+P233, P405 

15-Crown-5 

 
Warning 

H302 P301+P312+P330 

4-Cyano-4-
thioylthiopropylsulfanyl 
pentanoic acid 

No classification available. 

Deuterium oxide Not classified as hazardous according to CLP (Regulation (EC) 
1272/2008). 

Dichloromethane 

 
Danger 

H315, H319, H336, 
H351 

P202, P261, P264, 
P302+P352, 
P305+P351+P338, 
P308+P313 

Diisopropyl azodicarboxylate 

 
Danger 

H315, H319, H335, 
H351,  
H373, H411 

P202, P260, P273, 
P302+P352, 
P305+P351+P338, 
P308+P313 

N,N’-Dimethylformamide 

 
Danger 

H226, H312+H332, 
H319, H360D 

P210, P280, 
P303+P361+P353, 
P304+P340+P312, 
P305+P351+P338, 
P308+P313 

1,4-Dioxane 

 
Danger 

H225, H319, H335, 
H350 

P202, P210, P233, 
P240, 
P305+P351+P338, 
P308+P313 

Ethyl acetate 

 
Danger 

H225, H319, H336 P210, P233, P240, 
P241, P242, 
P305+P351+P338 

Fuchsin calcium salt Not classified as hazardous according to CLP (Regulation (EC) 
1272/2008). 

2,3,5,6,8,9-
Hexahydrobenzo[b][1,4,7,10] 
tetraoxacyclododecine-12-
carbaldehyde 

No classification available. 

2,3,5,6,8,9-
Hexahydrobenzo[b][1,4,7,10]
-tetraoxacyclododecin-12-
yl)methanol 

No classification available. 

Hexamethylenetetramine 

 
Danger 

H228, H317 P210, P240, P241, 
P261, P280, 
P302+P352 

Hydrochinone monomethyl 
ether 

 
Warning 

H302, H317, H319, 
H412 

P261, P273, P280, 
P301+P312, 
P302+P352, 
P305+P351+P338 
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Continuation Table 2: Chemicals and their classification according to GHS. 

Substance 

 

Symbols Hazard Statement Precautionary 
Statement 

2-(Hydroxymethyl)-12-crown-
4 

 
Warning 

H315, H319, H335 P261, P264, P271, 
P280, P302+P352, 
P305+P351+P338 

Lithium hydroxide 

 
Danger 

H302, H314 P260, P280, 
P301+P312, 
P303+P361+P353, 
P304+P340+P310, 
P305+P351+P338 

Lithium-3,5-diiodosalycilic 
acid 

 
Warning 

H315, H319, H335 P261, P264, P271, 
P280, P302+P352, 
P305+P351+P338 

Magnesium sulfate Not classified as hazardous according to CLP (Regulation (EC) 
1272/2008). 

Methacrylic acid 

 
Danger 

H302+H332, H311, 
H314, H335 

P261, P280, 
P301+P312, 
P303+P361+P353, 
P304+P340+P310, 
P305+P351+P338 

Methanol 

 
Danger 

H225, 
H301+H311+H331, 
H370 
 

 

P210, P233, P280, 
P301+P310, 
P303+P361+P353, 
P304+P340+P311 

n-Heptane 

 

 
Danger 

H225, H304, H315, 
H336,  
H410 

P210, P233, P273, 
P301+P310, 
P303+P361+P353, 
P331 

Potassium ethyl eosin Not classified as hazardous according to CLP (Regulation (EC) 
1272/2008). 

Potassium hydroxide 

 
Danger 

H290, H302, H314 P234, P260, P280, 
P301+P312, 
P303+P361+P353, 
P305+P351+P338 

1-Propanethiol 

 
Danger 

H225, H302, H317, 
H410 

P210, P233, P273, 
P280, P301+P312, 
P303+ P361+P353 

Sodium bicarbonate Not classified as hazardous according to CLP (Regulation (EC) 
1272/2008). 

Sodium borohydride 

 
Danger 

H260, H301, H314,  
H360FD 

 

P231+P232, P260, 
P280, 
P303+P361+P353, 
P304+P340+P310, 
P305+P351+P338 

Sodium ethyl eosin No classification available. 
Styrene 

 

 
Danger 

H226, H304, H315, 
H319,  
H332, H335, H361d, 
H372,  
H412 

P210, P273, 
P301+P310, 
P303+P361+P353, 
P304+P340+P312, 
P331 

https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#hazard
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#hazard
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#hazard
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#hazard
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#hazard
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#hazard
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#hazard
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#hazard
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary
https://www.sigmaaldrich.com/DE/de/life-science/safety/hazard-and-precautionary-statements#precautionary


 

196 

Continuation Table 2: Chemicals and their classification according to GHS. 

Substance 

 

Symbols Hazard Statement Precautionary 
Statement 

4-Tert-butylcatechol 

 
Danger 

H302+H312, H314, 
H317, H410 

P260, P273, P280, 
P301+P312, 
P303+P361+P353, 
P305+P351+P338 

Tetrahydrofuran 

 

 
Danger 

H225, H302, H319, 
H335,  
H336, H351, EUH019 

P202, P210, P233, 
P301+P312, 
P305+P351+P338, 
P308+P313 

2,3,5,6-
Tetrahydrobenzo[b][1,4,7] 
trioxonine-9-carbaldehyde 

No classification available. 

2,3,5,6-
Tetrahydrobenzo[b][1,4,7]-
trioxonin-9-yl)methanol 

No classification available. 

Tetrahydrofuran-d8 

 

 
Danger 

H225, H302, H319, 
H335,  
H336, H351, EUH019 

P202, P210, P233, 
P301+P312, 
P305+P351+P338, 
P308+P313 

Trifluoroacetic acid 

 
Danger 

H314, H332, H412 P261, P273, P280, 
P303+P361+P353, 
P304+P340+P310, 
P305+P351+P338 

Triphenylphospine 

 

 
Danger 

H302, H317, H318, 
H372 

P260, P280, 
P301+P312, 
P302+P352, 
P305+P351+P338, 
P314 

p-Toluenesulfonyl chloride 

 
Danger 

H290, H315, H317, 
H318 

P280, P302+P352, 
P305+P351+P338 
+P310 

 

Table 3: CMR classification and amount of the substances used in this work. 

Substance 

 

CAS-

Number 

Category Used Amounts 

Catechol 120-80-9 C: 1B 460 g 

1,2-Dibromoethan 106-93-4 C: 1B 1.6 g 

1,2-Dichloroethan 107-06-2 C: 1B 1 g 

N,N’-Dimethylformamide 68-12-2 R: 1B 2309 mL 

1,4-Dioxane 123-91-1 C: 1B 290 mL 

Sodium borohydride 16940-66-2 R: 1B 22 g 
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