DISSERTATION

POLYOXOMETALATES AND THEIR INTERACTION
WITH ORGANIC MOLECULES AND INTERFACES

University of Regensburg

Faculty for Chemistry and Pharmacy

.Zur Erlangung des Doktorgrades der Naturwissenschaften (Dr. rer. nat.)
der Fakultat far Chemie und Pharmazie der Universitat Regensburg”

Submitted by

THOMAS BUCHECKER

from Augrub

June 2018






“Skibadee Skibadanger, | am the rearranger.”

- Hans Peter Geerdes alias H.P. Baxxter



Acknowledgement

This PhD thesis would not have been possible without the support and participation of many people.

First of all, I would like to express my sincere gratitude to my PhD supervisor Prof. Dr. Arno Pfitzner.
The large freedom to develop my own ideas under his supervision, the decisive support and guid-

ance in the last three years offered unequalled opportunities.

| wish to express my warm and sincere thanks to my second PhD supervisor Dr. Pierre Bauduin and
Dr. Olivier Diat, without whom this PhD would also not have been possible. Their great advice,

supervision, help and especially patience made it a great pleasure for me to work with them.

| deeply thank my bachelor students and research interns Philipp Schmid, Franziska Kamm, Simon
Stemplinger, Maximilian Rohrl and Gasper Jost who contributed with crucial experiments to differ-

ent subjects.

| am deeply grateful to Sebastian Krickl, Dr. Didier Touraud and Prof. Dr. Werner Kunz for the fruitful

collaboration on the topic of mesoscopically structured solvents.

| am also heartfully thankful to Bianca Fromel who took care about all administrative issues (which

| would not have been able to deal with myself).
| am thankful to Dr. Marc Schlosser for our close collaboration in our practical lab courses.

| am very grateful to the technical staff and the administration at the University of Regensburg,
Ulrike Schiefsl, PD. Dr. Rainer Mdller, and Florian Truksa for their constant technical and administra-

tional support.

And of course, | thank all my colleagues at the University of Regensburg, office and laboratory
members: Severin Bauer, Florian Buchecker, Victoria Enzmann, Sebastian Fath, Dr. Daniel Fiedler,
Dr. Daniel Friedrich, Dominik Gigl, Claudia De Giorgi, Sebastian Haumann, Christian Klimas, Ria
Mandal, Christoph Meier, Maximilian Obermeier, Igor Plokhikh, Thomas Rothenaigner, Maximilian
Sehr, Alexander Spengler, Samuel Amadeus Tragl, Dr. Christoph Vitzthumecker, Maximilian Vils-
meier who made these three years such a pleasant time for me. Thank you for sharing this three

years together.



| thank the members of the graduate school GRK 1626 chemical photocatalysis for their warm wel-
come and their sincere advice for questions related to organic chemistry, especially Prof. Dr.

Burkhard Kénig, Dr. Petra Hilgers and Britta Badziura.

| also want to thank Sebastian Krickl, Florian Buchecker, Alban Joncheére and Dr. Pierre Bauduin for
their priceless help during several very exhausting runs (SAXS and SANS) at the Helmholtz Zentrum

Berlin and at the European Synchrotron Radiation Facility (ESRF) in Grenoble.

Some very special thanks go to my lab mates Thomas Rothenaigner and Sebastian Faeth, with whom

| spent these three years in a common laboratory.

Of course, | thank the funding organizations which paid for my research stays abroad and financed
my research: IPUR (research stays in France), G-RISC (conference stay in Moscow), BAYHOST (re-
search stay in Novosibirsk), GRK 1626 chemical photocatalysis (conferences in Washington and Sen-

dai; research stays in France).

| deeply thank my parents Norbert and Gabriele Buchecker and my brother Florian Buchecker for

their love, encouraging support and for giving me the strength to reach my aims.

And last but not least: there are no words to thank my girlfriend Rebecca Fredl for her love, persis-

tent confidence in me and her patience to facilitate these three years.

THANK YOU!






The practical work was performed from October 2015 until April 2018 at the Institute of Inorganic

Chemistry at the University of Regensburg in the working group of Prof. Dr. Arno Pfitzner.

This work was supervised by Prof. Dr. Arno Pfitzner.
Submission of the PhD: June 25, 2018
Date of the oral exam: July 25, 2018

Examination Committee:

Chairman: Prof. Dr. Frank-Michael Matysik
1. Examiner: Prof. Dr. Arno Pfitzner

2. Examiner: Dr. Pierre Bauduin

Further examiner: Prof. Dr. Werner Kunz



Scientific contributions

Publications

[1]1 T. Buchecker,t S. Krickl,T R. Winkler, I. Grillo, P. Bauduin, D. Touraud, A. Pfitzner and W. Kunz;
The impact of structuring of hydrotropes in water on the mesoscale solubilisation of a third hydro-

phobic component. Phys. Chem. Chem. Phys., 2017, 19, 1806-1816.

[2] T. Buchecker, X. Le Goff, B. Naskar, A. Pfitzner, O. Diat and P. Bauduin: Polyoxometalate/poly-
ethylene glycol interactions in water: From nano-assemblies in water to crystal formation by elec-

trostatic screening. Chem. Eur. J. 2017, 23, 8434 -8442, Cover Page:

CHEMISTRY
A European Journal

www.chemeurj.org

Cover Picture:
P.Bauduin et al.

Polyoxometalate/Polyethylene Glycol Interactions in Water:

From Nanoassemblies in Water to Crystal Formation by Electrostatic Screening

[3]1 S. Krickl,t T. Buchecker,t A. Meyer, I. Grillo, D. Touraud, P. Bauduin, B. Koenig, A. Pfitzner and
W. Kunz: A systematic study of the influence of mesoscale structuring on the kinetics of a chemical

reaction. Phys. Chem. Chem. Phys. 2017, 19, 23773—23780.

[4] S. Friesen, T. Buchecker, A. Cognigni, K. Bica, and R. Buchner: Hydration and Counterion Binding
of [C12MIM] Micelles, Langmuir, 2017, 33, 9844-9856.



[5] R. Winkler, T. Buchecker, F. Hastreiter, D. Touraud and W. Kunz: PPh4Cl in aqueous solution —
the aggregation behaviour of an antagonistic salt. Phys. Chem. Chem. Phys., 2017, 19, 25463 -
25470

[6] T. Buchecker, P. Schmid, S. Renaudineau, A. Proust, O. Diat, A. Pfitzner and P. Bauduin: Polyox-

ometalates in the Hofmeister series. Chem. Commun., 2018, 54, 1833-1836, Cover page:

Showcasing research by P. Bauduin and co-workers from
the Marcoule Institute of Separation Chemistry (ICSM),
P o T

Polyoxometalates in the Hofmeister series

A simple experimental procedure based on the cloud point
measurement of 3 non-ionic surfactant is proposed as a tool
to classify (POMs) in the ister series
according to their affinity to adsorb on neutral polar surfaces.
The strength of adsorption of super-chaotropic POMs is
modulated by their charge density.

See Amo Pfitzner,
Pierre Bauduin et al.,
‘Chem. Commun., 2018, 54, 1833.
o
ROYAL SOCIETY R
&memm rsc.li/chemcomm
, Registerad crirry rumber 207890

[7] T. Buchecker, P. Schmid, M. Réhrl, S. Stemplinger, O. Diat, P. Bauduin and A. Pfitzner: Visible
light mediated Single-crystal to Single Crystal transition of a polyoxometalate-ethylene glycol hybrid

crystal, manuscript in preparation.

[8] T. Buchecker, P. Schmid, I. Grillo, S. Prévost, T. Zinn, M. Drechsler, O. Diat, A. Pfitzner and P.
Bauduin: Self-assembly of short chain Poly-N-isopropylacrylamid (PNIPAM) to Stimuli Responsive
Globules and Nano-Sheets induced by the a-HsPW:,04 Keggin Polyoxometalate, manuscript in

preparation.

[9] S. Krickl,t T. Buchecker,f Max Hahn,t L. Jurko, S. Mandl, G. Jost, D. Touraud, P. Bauduin, A.
Pfitzner and W. Kunz: Role of Hydrogen bond donor- and hydrogen bond acceptor functionality on
the occurrence of mesoscale inhomogeneities in surfactant-free microemulsions, manuscript in

preparation.



[10] T. Buchecker, O. Diat and P. Bauduin: POM surface activity induced by a self-assembly process

with ethers: On the origin of the mystery of the “POM-etherate”, manuscript in preparation.

t: split first authors who contributed equally to the scientific work and to writing the paper

Oral Presentations

Thomas Buchecker, Olivier Diat, Pierre Bauduin and Arno Pfitzner
The adsorption of Polyoxometalates on polar micellar surfaces visualized by SAXS
7™ Russian German Travelling seminar — Physics and Chemistry of Nanomaterials and Synchrotron

Radiation, 2015, Berlin, Rostock, Lund, Kopenhagen, Hamburg, Leverkusen, KéIn, Koblenz.

Thomas Buchecker, Olivier Diat, Pierre Bauduin and Arno Pfitzner
The influence of mesoscale structuring on a chemical reaction

The fourth international conference “Advances in Synthesis and Complexing”, 2017, Moscow.

Thomas Buchecker, Olivier Diat, Pierre Bauduin and Arno Pfitzner
The impact of solvent structuring on a polyoxometalate catalysed reaction

254™ ACS international conference 2017, Washington, USA.

Thomas Buchecker, Olivier Diat, Pierre Bauduin and Arno Pfitzner
Polyoxometalates and their interaction with uncharged interfaces

During a Research stay 2017, Nikolaev Institute of Inorganic Chemistry, Novosibirsk.

Thomas Buchecker, Olivier Diat, Pierre Bauduin and Arno Pfitzner
The interaction of Polyoxometalates with uncharged molecules and the formation of light-respon-
sive hybrid materials

During a Research stay 2017, University of Jekaterinburg, Jekaterinburg.

Thomas Buchecker, Olivier Diat, Pierre Bauduin and Arno Pfitzner
Design of POM based hybrid materials by non-specific interactions

International Conference on Coordination Chemistry (ICCC), 2018, Sendai, Japan.









Table of Contents

Page Number

Table Of CONEENTS ... e e e e e nees 1
I 133 4 Yo (1 Tt o1 P 5
1.1 SPECfiC 10N €FfRCES ..o 5

1.2 Polyoxometalates - @ general OVEIrVIEW ..............coocviiiiiiiiiiiiiiiiic e 9

1.3 The super-chaotropy of POMs and its implications .............cccccoviiiiiiiiiiiiiiic 11

1.4 BIblIOGraphy ..o 13

2 Goals of this work and abstract of this PhD thesis ..............coooriiiiieeee, 17
2.1 Part 1: The interaction of POMs with organic molecules and oligomers...................... 17

2.2 Part 2: POMs as photocatalysts in mesoscopically structured solvents......................... 19

3 Polyoxometalates and the Hofmeister series .............cooiiiimiiiiiiiiiiiicee e 21
3.1 Preface and ADSTraCT.........ooiiiiiii i 21

3.2 INTFOAUCTION L.ttt 22

3.3 EXPEIMENTAL . 24

3.4 ReSUILS @Nd DISCUSSION .....oiiiiiiiieaiiii e 25

3.5 CONCIUSION. ... e 29

3.6 BIblOGraphy ..o 30

4 From nano-assemblies in water to crystal formation by electrostatic screening...... 33
4.1 Preface and ADSIIaCt. ... .ot 33

4.2 INTFOAUCTION L.ttt 35

4.3 EXPEIMENTAL....coiiiiiiiii 38

4.4 ReSUILS @Nd DISCUSSION .....eiiiiiiii ittt e 39
4.4.1 PW?/EO« nano-assemblies by small angle X-ray scattering (SAXS). .........c........ 40

4.4.2 PW?/EO, nano-assemblies by small angle neutron scattering (SANS)............... 41

4.4.3 Molecular interactions in the nano-assemblies probed by NMR. ..................... 43

4.4.4 From nano-assembly in water to crystal formation by electrostatic screening.. 45
4.4.5 The versatility of the “electrostatic screening method” .................cccooeiiin. 49
4.4.6 PW?* —EO; — K" —H*— H* composite Crystals...........ccccoovviiriiiiiiiici 50



Table of Contents 2

A S CONCIUS ON . e 54
4.6 BiblIOGraphy ....coo i 55

5 Single crystal to single crystal transformation in a POM based composite crystal ... 59

5.1 Preface and ADSTract.. ... 59
5.2 INTrOAUCTION L.t 59
5.3 EXPEIMENTAL .. 61
5.4 ReSUIS @aNd DISCUSSION .....oiiiiiiiiiieiie e 62
5.5 CONCIUSION. ..ottt 74
5.6 BIBlIOGraphy .......ooiiii 75
6 The Self-assembly of short chain PNIPAM with Keggin Polyoxometalates .............. 77
6.1 Preface and ADSTraCt.........oooiiiiii e 77
6.2 INTFOAUCTION L.oiiiiiiii e 78
6.3 EXPENMENTAl ..o e 80
6.4 ReSUITS @Nd DISCUSSION ....eciiiiiiiiiiii ettt e e e e e 82
6.5 CONCIUSION. ...ttt 94
6.6 BiblIOGraphy ......c.oiiiii 94
6.7  SUppOrting INfOrmMation ............oooiiiiiiii e 96
7 Structuring of Hydrotropes in Water ... e 107
7.1 Preface and ADSTracCt..........oooiiiiiii 107
7.2 INTrOAUCTION Lo 108
7.3 EXPEMMENTAL ... 110
7.4 ReSUItS @Nd DISCUSSION .....cciiiiiiiiiiiii e 111
7.4 BINAY MIXTUIES .....oeiiiiiiiii e 111

7.4.2  Ternary MIXTUIES .......ccoiiiiiiiiiiii e 116

7.5 CONCIUSION. ...ttt 121
7.6 BiDlIOGraphy ....ccuiiiiiiii 123

8 The impact of hydrotrope structuring on a polyoxometalate catalysed reaction ... 127

8.1  Preface and ADSTract.........cooiiiiiii 127
8.2 INTrOAUCTION ..ot 128
8.3 EXPENMENTAL ..o 131
8.4 ReSUIS @Nd DISCUSSION .....oiiiiiiiiieiiiii et 133
8.4.1 Determination of the reaction conditions and experimental design............... 133
8.4.2 Influence of the catalyst on the ternary system H,O/TBA/BA..........ccceeveienn 134

8.4.3 Reactivity MeasSUr€MEeNTS. ..........oiiiiiiiiiiiii e 135



Table of Contents

3
8.5 CONCIUSION. ... 139
8.6 BIibliOGraphy . ... 140

9 Conclusion and Outlook






Introduction 5

1 Introduction

1.1 Specific ion effects

Already in the 19" century, much emphasis was put upon the investigation of how salts influence
solution behaviour of macromolecules and living tissue. The Hofmeister series, which was shaped
by Franz Hofmeister almost 120 years ago, describes the ability of salts to precipitate proteins from
aqueous solution.” Back then, salts were evaluated according to their water ordering series, i.e.
kosmotropic (water network structuring) and chaotropic (water network breaking). F. Hofmeister
discovered that weakly hydrated soft cations with a low charge density and highly hydrated hard
anions with a high charge density behaved similar with respect to their protein denaturation behav-
iour. The qualitative order of cations and anions is displayed in Figure 1.1. It should be noted, that
in the Hofmeister series only ions are considered, whereas in aqueous solutions salts should rather

be considered.

The Hofmeister series

N(CH,)," NH,” Cs* Rb" K' Na' L' Mg*™ ca”

S

2,

50, OAc OH I Br NO; BF, I ClO, PF;
Kosmotropes: Chaotropes:

+ solubility of hydrocarbons 4 Solubility of hydrocarbons
(salting out) (salting in)

|
I

+ suface tension : v suface tension
|

+ Protein denaturation : * Protein denaturation

Figure 1.1: Classification of ions in the Hofmeister series and their specific impact on aqueous
solutions/biological media. Image adapted and redesigned from W. Kunz."?

Kosmotropes are highly hydrated and cause proteins to precipitate (salt out) from aqueous solution.
Owing to their high charge density, kosmotropes exhibit low polarizability and can be considered
as hard ions. Chaotropes, on the contrary, unveil loosely bound hydration water molecules which
can be easily shed off. They are much more polarizable and can be considered as soft ions.

The impact of the Hofmeister series on biological matter and specific organic molecules goes beyond
the precipitation of proteins. It plays a critical role in a broad variety of chemical and physical phe-
nomena, ranging from cloud points of non-ionic surfactants, colloidal stability and zeta potential to

molecular forces and critical micellar concentrations of surfactants (CMCs).® The impact of salts on
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aqueous solutions and aqueous solutions containing a third component is nowadays rather well
known and exploited in many fields. Nevertheless, the mode of interaction of ions with organic
molecules and interfaces at a molecular level is not completely understood. For a long time, it was
assumed that Hofmeister effects (salting in, salting out, etc.) were related to the capability of various
ions to make or break bulk water structure.* ¢ Theoretical and experimental investigations of Batch-
elor et al. and Omta et al. contract this theory and revealed that the water network is not perturbed
by the solubilisation of ions in aqueous media. They showed that at least for monovalent ions, water
structure is not affected beyond the first hydration shell.# It is often proposed that Hofmeister
effects should be treated as an interfacial phenomenon.®'" Direct interactions of ions with macro-
molecules and interfaces and interfacial water structure is considered to be the origin of specific ion
effects.['?

Tobias et al. and Jungwirth et al. revealed by means of molecular dynamics (MD) simulations that
kosmotropes are repelled from an interface, whereas soft ions are attracted to them.">'¥ Large
ions, especially anions with a low inherent charge density, exhibit a strong propensity to enrich at
the top most layer of interfaces. These calculations are in agreement with surface tension measure-
ments of aqueous solutions containing salts.">'>'® Many attempts have been made to deduce spe-
cific ion effects from their inherent properties like size, charge and energy of hydration. These pa-
rameters play a crucial role, but do not take into account the interface. In order to predict specific
ion effects in solution, more parameters have to be considered: (i) the overall charge density of ions,
which also correlates with the ion polarizability and associated dispersion forces which are often
proposed to be the origin of specific ion effects,!"”'® and (ii) the interface, especially water structur-
ing around interfaces. And of course (i) further parameters, e.g. salt concentration dependence,
pH, the chemical structure (overall agglomeration, r-stacking, etc.) and the particular environment
including the solvent or counter ions or e.g. head groups of ionic surfactants as counter ions in
vicinity play a major role on specific ion effects." Only by conceding all of these interactions, the
effect of e.g. electrolytes on the surface tension of water/air or e.g. on bubble coalescence can be
outlined properly.®

All'in all, specific ion effects result in a subtle balance between competing ion-water/water-surface
interactions that likely involve the charge density, polarizability, hydrophobic effects and the partic-
ular environment of the ion. Furthermore, there are specific ion effects beyond Hofmeister chemistry
which are responsible for the impact of ions on various biological functionalities. In such cases,
Hofmeister-type interactions can even be overruled by particular steric arrangements in various ion
binding sites of macromolecules.®”

A very simple model to predict ion behaviour, in specific ion association in solution, was provided
by Kim Collins, namely the concept of matching water affinities.?" In this theory, Collins considers

ions as spheres with a point charge in the centre. lons with a high inherent charge density are
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considered to be highly hydrated and are referred to as kosmotropic, whereas large ions with a low
inherent charge density are considered to be poorly hydrated (chaotropic). The hydration shell of
the latter is bound loosely. A second reasonable assumption in his theory is that charges of opposite

sign attract each other strongly via Coulomb attraction, see Figure 1.2.

NTF e ©.0 — 00

Kosmotropes Na* @ small small + H,0
Chaotropes )
e a@ ©-0-00
big big + H,0

we @ SR ES
Cs*L . ‘ small big

Figure 1.2: Division of alkali metal cations and halides between kosmotropes and chaotropes on

the left-hand side. Usually CI- and K* delineate the border between kosmotropic and chaotropic
ions. The anions and cations are depicted in their relative size ratio (size excerpted from Shannon et
al.??) On the right-hand side: Contact ion pair formation only occurs between ions with a similar
free energy of hydration and a similar affinity to water. Image adapted and redesigned from K.D.
Collins.2"

Collins concludes that two small ions with a high charge density attract each other and can over-
come their free energy of hydration. These ions expel water from their hydration shell and entropy
is gained resulting in a final competition between electrostatic forces, entropy and hydration en-
ergy.?"

In case of two big ions, the Coulomb attraction is weaker, but the effect is the same: due to the
fact that the hydration shell is only loosely bound, hydration water can be removed easily. Therefore,
big, polarizable ions attract each other. However, in case of the interaction of two differently hy-
drated ions, the electrostatic force is too small to overcome the hydration energy of the kosmotropic
ion. Hence, both ions remain separated in solution and do not form a close contact ion pair. There-
fore, Collins’ concept of matching water affinities is again a concept based on the very powerful
concept “like seeks like”. Note that this concept was also successfully extended to the interaction
behaviour of charged head groups of surfactants with counter ions.!"”!

Collins” concept was applied for predicting the interaction of charged moieties. However, the inter-

action between polar interfaces and charged moieties is different to the one between two charged
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particles as pure electrostatic interactions do not come into play. Nevertheless, Leontidis et al pro-
posed that the affinity of anions for hydration water is a good hint for predicting the propensity of
ions to interact with and adsorb on uncharged interfaces."” Leontidis et al. made the transition
from the interaction of two charged particles (Collins’ concept) to the interaction of ions with hy-
drophobic surfaces. It is worth to note that a surface can be considered as hydrophobic when the
charge density of the surface or the molecule tends to zero. Leontidis et al. investigated the effect
of ions (salt) on phospholipids and they described the general process of ion adsorption as “an ion-
lipid battle for hydration water and interfacial sites”. They proposed that the propensity of cha-
otropic anions to adsorb on lipid interfaces results from the big size of the anion, which affects in
different ways the hydration free energy terms of the anion and the organic interface.” Further-
more, Schwierz et al. and Horinek et al. investigated modelling approaches toward anion specificity
at surfaces of varying charge and polarity.""?? In contrast to the work of Leontidis et al. dealing
with the interaction of phospholipid interfaces and chaotropic anions and the work of Schwierz et
al. and Horinek et al., the interaction of super-chaotropic anions with polar interfaces and molecules

was studied in the present thesis.

In the framework of this PhD thesis, the general question occurred: to what extent
can the general concept of contact ion pair formation (Collins concept) or ion ad-
sorption (conclusions from Schwierz et al. and Horinek et al.) at charged/hydropho-
bic interfaces or molecules (conclusions from Leontidis et al.) be applied to predict
the adsorption of charged ions, in specific nanometer-sized polyoxometalates, at

polar but uncharged(!) interfaces?

By taking into account the accomplishments of Collins’ concept of matching water affinities and the
recent progress of Leontidis et al. regarding the general competition of anions and lipids for hydra-
tion water, the interaction between chaotropic anions and polar but uncharged(!) interfaces could
also be explained with a general competition of anions and polar interfaces/molecules for hydration
water. If a large anion with a very low charge density and a polar interface/molecule have compa-
rable affinities towards water, an adsorption of this ion at the polar interface/molecule could be
favoured, i.e. an entropically driven process without considering specific interactions, including for
example ion polarizability. Here, non-specific interactions are considered to be very weak interac-
tions without the formation of discrete donor-acceptor complexes between the chaotropic anion
and the polar surface or molecule. The adsorption process of ions on polar interfaces or molecules
would be similar to the formation of contact ion pairs between two ions. Hence, this assumption
would also be an extension of the famous and successful concept “like seeks like” as proposed by
Pearson and Collins."24

Investigations of this concept were performed in the first four chapters of this thesis using a class

of anions, namely polyoxometalates (POMs) as representatives of super-chaotropic anions. POMs
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provide access to the super-chaotropic side of the Hofmeister series of anions.! These anions fea-
ture a big size with a low inherent charge density implying a very loose hydration in terms of Collins’
or Hofmeister’s concept. This class of ions was shown to interact with loosely hydrated polar inter-
faces (ethylene glycol or glucoside decorated surfaces) as shown by the work of Naskar et al.®* In
their work, POMs-based surfactants were formed spontaneously through noncovalent and non-

specific interactions in water by mixing nonionic surfactants with POM.

1.2 Polyoxometalates - a general overview

In the present work, the main focus was laid upon the investigation of super-chaotropic polyoxo-
metalates (POMs) and their interaction with uncharged polar interfaces and molecules. POMs, com-
plex polyoxoanions, mostly consist of oxygen atoms surrounding an early transition metal octahe-
drally (V, Nb, Mo, Ta, W), with V, Mo and W being by far the most representative transition metals
in POMs.2627) |f p-block elements are incorporated (B, Al, Si, P, Ge, As, Sb, Te, |) in the centre of the
anions, these POMs are called heteropolyanions, otherwise they are referred to as homopolyanions.
Back in the days when Berzelius discovered the element Mo, he already commented on remarkable
properties of POMs.1?® Even before, Scheele mentioned the famous POM-molybdenum blue in
1778.2% In the 20" century a broad variety of heteropolyoxometalates emerged: by applying X-ray
diffraction methods in the early 1930s, Keggin was the first to report the structure of the most
famous representative of the POMs, namely the so called Keggin anion PW;,040> (PW?), see Figure
1.3(a).B% Besides the almost spherical Keggin structure, several other POM architectures exist, e.g.
the prolate spheroidal Dawson type POMs, see Figure 1.3(b), Lindquist POMs, Anderson POMs

(both not shown as they were not used in this PhD thesis), etc.

Figure 1.3: Structure of the most common polyoxometalate anions of (a) Keggin's type, PW1,040*
(PW?), and (b) Dawson's type, P,W:s0s,%", in polyhedral representation. Oxygen atoms form octa-
hedra surrounding tungsten atoms. The octahedra are linked by their edges and vertices. In the
centre of these anions a p-block element (here an oxoanion containing phosphorous as central
atom) is located.
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The electronic versatility, the blend of p-bock elements, transitions metals and differently bound
oxygen atoms (terminal and bridging) grant POMs innumerable special properties resulting in a
broad field for applications such as catalysis,®'*? material science,®*3% biology**? and medicine."*”
POMs were shown to have great applications as catalysts in organic chemistry (photocatalysts,*®
epoxidation catalysts,* oxidation catalysts'*”), exhibit antiviral*'*?and anticancer activity*and are
used as ion complexing agents for nuclear waste treatment.%

Due to their outstanding variety of applications and fascinating properties mentioned in this section,
they emerged as model representatives for large, highly chaotropic anions with a very low charge
density to investigate their interaction with polar molecules or interfaces. Note that owing to their
spherical shape and delocalized charge, Keggin-type POMs are also favourable for theoretical cal-

culations.[#>4¢

Table 1.1: Calculated charge densities of common spherical anions. Values for the crystal ionic radii
were excerpted from Shannon et al. ?? and the radius of PW1,040°~ and SiW:,040* was obtained by
SAXS fits from Naskar et al.'** e is the elementary charge.

lon radius lon surface lon volume (Excess) charge

density
[Al [A%] [A’] [e/nm?]

F 1.3 21.2 9.2 108.7
cl- 1.8 40.7 24.4 41.7
Br- 2.0 50.2 33.5 29.9

I 2.2 60.8 44.6 22.4
SiW1,040% 4.4 243.3 356.8 11.2
PW;2040>" 4.6 265.9 407.7 7.4

The comparison of the geometrical properties and charge densities of POMs with the ones of con-
ventional halides in Table 1.1 informs on the molecular geometries and the very low charge density
of POMs and therefore indicates the super-chaotropy of this class of anions. Keggin type POMs have
more than twice the ionic radius of I~ and more than five times the surface area of I~ (which itself is
considered a strong chaotrope), see Table 1.1. The charge density (the elementary charge(s) per
volume) decreases by a factor of* 15 by comparing F-and PW?3~. Another feature of POMs is the
isostructural relation between SiW:,04* (SiW*) and PW3". This fact allows the tuning of the overall
charge without changing the total number of electrons or the shape of the POM.

Allin all, it appears from Table 1.1 that POMs represent a class of highly polarizable anions, because

their charge density (in case of PW?*) amounts to merely one quarter of the charge density of I-.
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Therefore, it is expected that the right-hand side of the Hofmeister can be expanded to a super-

chaotropic range, see Figure 1.4.

/] -

o e

203
e < <@ < @ << e

F<Ch < Br < I << PW*

Figure 1.4: Extension of the classical Hofmeister series of anions. The anions are depicted in their
relative size scale. The crystal ionic radii were taken from Shannon et al. ?? and the radius of PW*
was taken from Naskar et al.”® Image adapted from Naskar et al.’?’!

1.3 The super-chaotropy of POMs and its implications

The group of Pierre Bauduin and Olivier Diat proved in a recent study the super-chaotropy of Keggin
type POMs.*! Coming up from a physicochemical point of view in solution chemistry, they found
that POMs exhibit a very strong affinity to interact with and adsorb on interfaces covered with polar
but uncharged(!) groups, such as sugar and ethylene oxide (EO,) groups. Hence, the expansion of
the Hofmeister series for anions by POMs to a super-chaotropic side is indeed possible. The super-
chaotropic nature of POMs results in a general, non-specific adsorption of POMs on interfaces cov-
ered with polar groups, which was demonstrated to not be sensitive on the curvature of the inter-
face. This non-specific adsorption is also confirmed by simulations, which predict the adsorption of
polarizable anions at the water/air surface."®*#¥The arising key question at the beginning of this
PhD thesis was:

What is the nature and the driving force for an adsorption of polarizable anions on polar inter-

faces?

Naskar et al. proposed that the explanation for the strong interaction of POMs with organic mole-

cules and interfaces is again a competition of the anionic POM and uncharged molecules located at
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the interface for hydration water. Remember that this was previously also proposed by Leontidis et
al. for the interaction of ions with phospholipids or as it is the case for two charged particles in
Collins’ concept of matching water affinities and is further supported by the work of Schwierz et al.
and Horinek et al.l'1"21:23495% Dye to their large size, their low charge density and twelve terminal
and 28 bridging oxygen atoms - being all potential hydrogen bond acceptors - POMs are highly
hydrated with comparably weak hydrogen bonds to hydration water molecules. Hence, it should be
possible to break such hydrogen bonds and release hydration water molecules to the water bulk
phase — such a process would be associated to a large gain of entropy. For the sake of clarity, this

process is depicted in Figure 1.5.

=iH
\ Water bulk phase

Interface

“
POM adsorption

Micellar core

Figure 1.5: Entropy gain upon the adsorption of a hydrated POM on hydrated polar interfaces
(here: ethylene glycol moieties, CsEQa4). Water molecules stemming from the hydration of the POM
and from the hydration of EO, moieties are released to the water bulk phase. The image was
adapted and redesigned from Naskar et al.1?*!

Hence, the adsorption is considered to be non-specific (no strong and directing bonds and without-
the formation of energetically favourable donor acceptor complexes between the anion and the

polar surface or molecule) and entropically driven by the release of water molecules to the water
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bulk phase. Convenient solvent approaches with a continuum model and an overall dielectric con-
stant (Debye-Hlckel theory or other Poisson-Boltzmann approaches) do not adequately capture
these specific ion effects of POMs on hydrated organic molecules or interfaces. Only recently, Ma-
linenko et al. addressed a very intriguing question: Are Keggin’s POMs Charged Nanocolloids or
Multicharged Anions?®" Multicharged anions are usually treated by the Debye-Huckel theory
(therein, the solutes are treated as dissociated point charges, are not polarizable by applying an
external field and the solvent is only treated as a continuum with a given permittivity). The interac-
tion of colloids on the other hand is usually expressed with the Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory. The DLVO theory explains aggregation phenomena in aqueous dispersions quanti-
tatively and describes the forces taking place between charged surfaces of colloids interacting
through a liquid medium. It combines the effects of the van-der-Waals attraction (dispersion forces)
of larger objects and the electrostatic repulsion of charged surfaces with a given surface charge
density. On the other hand, the DLVO theory neglects specific ion effects. By combining dynamic
light scattering (DLS) and static small angle X-ray studies (SAXS) Malinenko et al. came to the con-
clusion that POMs behave as both, nanocolloids (because POMs can be described by a classical
colloidal approach by DLS and SAXS) as well as multicharged anions since they adsorb on neutral
polar surfaces like chaotropic anions. Hence, Keggin POMs are indeed at the frontier between nano-

colloids and multicharged anions.®"
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2 Goals of this work and abstract of this PhD thesis

2.1 Part 1: The interaction of POMs with organic molecules and oligomers

As the following chapters are already published as full papers or communications in different re-
nown scientific journals, a short abstract and a central theme of the present PhD thesis is given in

this chapter.

The general goal of the first part of this PhD thesis is to study in depth the
interaction of POMs with different type of interfaces in order to (i) investigate
the general concept of super-chaotropy and to (ii) establish how general this

concept is.

Therefore, the first part of this work directly follows the contribution of Naskar et al. who investi-
gated the interaction of the two most prominent Keggin-type POMs, i.e. HsPW1,040 and HaSiW 1,040
(PW? and SiW#), with CsEO4 and CsG; surfactants at the micellar- and the H,O/air surface. They
found that PW? and Siw* strongly adsorb on uncharged but polar tetra-ethylene glycol mono-octyl
ether (CsEQ4) and n-octyl-B-D-monoglucoside (CsG1) surfactants. They claimed that this adsorption
is entropically driven: the partial dehydration of hydrated POMs and the partial dehydration of hy-
drated interfaces (CsEQ4 or CsG,) leads to an increase of “free bulk water” concomitant with an
entropic gain of the system.

As a continuation of this study, the work of Naskar et al. was extended in chapter 3 “Polyoxo-
metalates and the Hofmeister series” to yield information on the decisive molecular parameters
of POMs which influence the strength of POM adsorption on CsEO4 micelles. If the POM adsorption
is really entropically driven, POMs with low charge densities should display a stronger adsorption
on CgEO4 micelles than POMs with a higher charge density, since the dehydration process should be
facilitated. Furthermore, if the process was really entropically driven, the shape of the POM, i.e.
Keggin- or Dawson type POMs, should not play much of a role in the adsorption process. Therefore,
a parametric study of different Keggin- and Dawson type POMs, i.e. different POM sizes, charges,
structures, compositions and counter ions, was performed to rank POMs according to their ability
to increase the cloud point (CP) of CsEOQ4. A pronounced increase of the CP of CsEQ, is considered
to be the result of a stronger adsorption of POMs on CsEOs micelles as CsEOs micelles become

formally charged upon the adsorption of POMs leading to a higher water solubility of CsEO..

Chapter 4 “From nano-assemblies in water to crystal formation by electrostatic screening”
deals with the interaction of PW?" with ethylene glycol oligomers (EO,, 1 < x < 400) which is similar

to the bare hydrophilic head of the CsEO, surfactant. The main focus of this study was to investigate
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if a CsEOQ4 micelle — H,O and the H,O/air interface is needed to promote an adsorption of POMs as
studied in chapter 3 “Polyoxometalates and the Hofmeister series” and to answer the question
if POM adsorption on hydrated surfaces is only an interfacial effect. We show that POMs also adsorb
on single hydrated organic oligomers in aqueous solution to yield POM-oligomer nano-assemblies
which are stabilized by electrostatic repulsion between the negatively charged POMs. Addition of
NaCl, aiming at screening the inter-nano-assembly repulsions, induces aggregation and formation
of hybrid crystalline materials. This new method to build POM-organic composite materials without
covalent or electrostatic grafting of the POM and an organic molecule was called “the electrostatic
screening method”. The combination of a single-crystal X-ray study with small angle X-ray and small
angle neutron scattering (SAXS/SANS) and 'H-nuclear magnetic resonance (NMR) experiments al-
lowed relating the structure of the POM-oligomer nano-assemblies solubilized in aqueous solution

to the structure model of the single crystal.

Chapter 5 “Single crystal to single crystal transformation in a POM based composite crys-
tal” treats of the application of this “electrostatic screening method” described in chapter 4 “From
nano-assemblies in water to crystal formation by electrostatic screening” to build new func-
tional POM based hybrid materials with PM01,040®> - EOs/EQs - 3Na*. Since PM01,040> is a well-
known visible light active photocatalyst in aqueous catalysis, catalytic activity could also be expected
in hybrid crystals composed of PMo1,04° and ethylene glycol. Upon irradiation of these crystals
with visible light, it is indeed demonstrated that PM01,04* - EOs/EQ¢ - 3Na* crystals undergo an
irreversible single crystal to single crystal (SCSC) transformation concomitant with (i) a decrease of
the unit cell volume of PMo01,040° - EOs/EOs - 3Na* crystals and (ii) a change of the crystal colour
from bright yellow to blueish black. Upon irradiation of PM01,040> - EOss - 3Na* crystals, the visible
light active photocatalyst PMo01.04> catalyses the oxidation of a terminal hydroxyl function -CH,-
OH of ethylene glycol to the corresponding aldehyde -CH=0 in the solid state. The formation of the
well-known reduced heteropolyblue-polyoxometalate PMo1,04*"* goes along with a change of the

crystal colour from yellow to black.

To further explore the interaction of POMs with water soluble oligomers, the “Interaction of POMs
with poly-N-isopropylacrylamide (PNIPAM) oligomers (PNIPAMx000, x = 2, 5, 7, 10)” was
studied in chapter 6. In contrast to EO, oligomers whose interaction with POMs was studied in
chapter 4 “From nano-assemblies in water to crystal formation by electrostatic screening”
PNIPAM provides a different chemical repeating motif. Furthermore, PNIPAM is well known for its
subtle molecular hydrophilic-hydrophobic balance resulting in a lower critical solubilisation temper-

ature (LCST) at 33 °C (i.e. good solubility of PNIPAM polymers in H,O below 33 °C and a liquid-liquid
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phase separation of PNIPAM and H,O above 33 °C). The goal was to investigate the interaction/ad-
sorption of POMs on PNIPAM to find out whether the adsorption of POMs on oligomers is restricted
to specific chemical groups (only ethylene glycol groups or also other repeating motifs of oligomers)
and a second goal was to alter the LCST of PNIPAM upon the addition of super-chaotropic POMs.
We show for the first time that PNIPAM polymers - probably the most studied among thermo- and
stimuli-responsive “smart” polymers - self-assemble to stimuli responsive (i) discrete globules and to

(i) 2D nano-sheets upon the adsorption of PW?*, PMo? and Siw*.

2.2 Part 2: POMs as photocatalysts in mesoscopically structured solvents

The second part of this PhD thesis deals with the application of HsPMo01oV,040 as photocatalyst in
mesoscopically structured solvents. The idea was to extend the adsorption of POMs on oligo-
mers/polymers and well-defined interfaces to interfaces of ill-defined, highly fluctuating surfactant
free microemulsions (SFME). The POM photocatalyst should ideally adsorb on an ill-defined
H,O/benzyl alcohol interface stabilized by alcohol molecules (ethanol, EtOH, isopropyl alcohol, IPA,
N-propanol, NPA, and tert-butanol, TBA) analogous to “micellar catalysis”. Note that in “micellar
catalysis”, the catalyst is located at the surface of micelles which incorporate the non-water-soluble
reactant. A close vicinity of the catalyst and the organic molecule should then preferably lead to fast
reaction rates. In the present case, the visible light active POM photocatalyst HsPM010V;040 is Sup-
posed to adsorb on benzyl alcohol/alcohol clusters solubilized in water (surfactant free microemul-
sion, SFME) and should catalyse the oxidation of benzyl alcohol to the corresponding benzyl alde-
hyde. In case of a close proximity of HsPMo10V2040 and benzyl alcohol the initial reaction rate should
be higher compared to a statistically distributed HsPMo10V.040 benzyl alcohol mixture where the

contact probability of HsPMo10V,040 and benzyl alcohol should be lower.

In chapter 7 “Structuring of Hydrotropes in water”, the structuring of binary mixtures of pri-
mary and secondary alcohols with H,O is first linked to the solubilisation of poorly water miscible
compounds (primarily benzyl alcohol which should be oxidized by HsPMo10V,040). This study allowed
to determine whether the solvent mixture H,O/alcohol/benzyl (alcohol = EtOH, IPA, NPA, TBA) is
mesoscopically structured or not. Ideally, very pronounced structuring (benzyl alcohol — alcohol
droplets in a continuous water phase with PMo10V>040>" adsorbed at the interface) should lead to
high reaction rates. Therefore, we have chosen a series of short-chain alcohols as hydrotropes and
benzyl alcohol, limonene and a hydrophobic azo-dye (Disperse Red 13) as organic compounds to
be solubilised. Very weak pre-structuring is found for binary EtOH/H,0 and NPA/H,O mixtures. Struc-
turing of H.O/alcohol mixtures is most developed for binary NPA/H,O and TBA/H,O mixtures making
them a suited binary solvent for the PMo1oV,040°" catalysed reaction according to the present con-

siderations. Besides these findings we additionally found that pre-structuring of binary H,O/TBA
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mixtures leads to a high solubilisation power for poorly water miscible components compared to

non-structured mixtures H,0/EtOH or H,O/IPA. |G
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