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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



Goals of this work and abstract of this PhD thesis 19

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,O/EtOH or H,O/IPA. This difference in solubilisation power was linked to
(i) the formation of mesoscale structures in case of EtOH and IPA and to (ii) the extension of pre-
structures in case of NPA and TBA. Furthermore, three different solubilisation mechanisms could be
identified: bulk solubilisation, interface solubilisation and the combination of both.

In chapter 8 “The impact of hydrotrope structuring on a polyoxometalate catalysed reac-
tion”, we finally link the mesoscopic structuring of the most structured binary solvent mixture
H,O/tert-butanol (TBA) to the kinetics and the efficacy of the oxidation of benzyl alcohol (BA) to the
corresponding aldehyde catalysed by PMo1oV,04°". We demonstrate that the obtained yields of
benzyl aldehyde depend on the type of mesoscopic structuring of the binary solvent H,O/TBA. An
elevated catalytic performance of at least 100% is found for unstructured binary mixtures H,O/TBA
compared to compartmented binary mixtures H,O/TBA. Although it was shown that PMo1oV,040™
adsorbs on well-defined surfaces of e.g. Brij L23 (C12EO,3) micelles, PMo01oV,04> does not adsorb
on ill-defined, highly fluctuating H.O/benzyl alcohol interfaces stabilized by TBA molecules. We con-
clude that compartmentation of both benzyl alcohol and PM010V>04° in TBA and water-rich micro

phases is unfavourable for the catalytic efficacy.
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3 Polyoxometalates and the Hofmeister series

3.1 Preface and Abstract

i
terface

Showcasing research by P. Bauduin and co-workers from (" As featured in: )
the Marcoule Institute of Separation Chemistry (ICSM),
University of Regensburg and Sorbonne Universités

Polyoxometalates in the Hofmeister series

A simple experimental procedure based on the cloud point
measurament of a non-ionic surfactant is proposed as a tool
to classify polyoxometalates (POMs) in the Hofmeister 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 Amno Pfitzner,
Pierre Bauduin et al.,
Chem. Commun., 2018, 54, 1833.
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Figure 3.1: Inside Back Cover Artwork of the published article in Chemical Communications.
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This chapter was published in the peer-reviewed Journal Chemical Communcations of the publisher
Royal Society of Chemistry (DOI:10.1039/C7CC09113C, this is also where the electronic supplemen-
tary information (ESI) can be found). It is worth to mention that this work was highlighted as an
Inside Back Cover of the respective issue. Several other people also contributed to this work:
- Philipp Schmid contributed with experimental work during a Bachelor thesis.
- Séverine Renaudineau synthesized the three Dawson type Polyoxometalates used in this
study.
- Dr. Olivier Diat, Prof. Dr. Anna Proust and Prof. Dr. Arno Pfitzner contributed with fruitful
discussions and supervised the experimental work and improved the manuscript (MS).
- Dr. Pierre Bauduin performed the SAXS fitting, contributed with fruitful discussions, super-
vised the experimental work and corrected/improved the MS.
- Thomas Buchecker performed the experimental work (cloud point measurements and SAXS

measurements), designed the figures, wrote and improved the MS.

Abstract: We propose a simple experimental procedure based on the cloud point meas-
urement of a non-ionic surfactant as a tool for (i) estimating the super-chaotropic behav-
iour of polyoxometalates (POMs) and for (ii) establishing a classification of POMs according

to their affinity towards polar surfaces.

weaker
adsorption

stronger
adsorption

Figure 3.2: Table of contents visualizing of the adsorption and ranking of POMs on a micellar
surface according to their adsorption strength.

3.2 Introduction

Polyoxometalates (POMs) are discrete nanometer sized anionic oxo-metal clusters that consist of
early transition metals, especially V, Mo, and W and often incorporate a heteroatom.!"? Due to their

unique structural and electronic versatility, POMs find many applications in biology,®*® as a phasing



Polyoxometalates and the Hofmeister series 23

tool in protein crystallography,” as (photo)-catalytically active oxidants®® and in molecular materi-
als.1o13)

According to Hofmeister’s classification of ions, chaotropic or salting-in anions are hydrated, highly
polarizable, with low charge density and have the propensity to weakly adsorb on polar inter-
faces.""'® Furthermore, they are usually referred to as soft anions. Recently, Naskar et al. showed
that POMs are super-chaotropes compared to classical chaotropic anions, such as iodide or thiocy-
anate, mostly due to their large size and delocalized charge.'"™™ Naskar et al. also highlighted that
the super-chaotropic character of POMs was related to their strong propensity to adsorb on electri-
cally neutral surfaces covered with polar groups such as <(O—CH,—CH,)x—OH or glucoside groups.!"’
The POM adsorption process is considered to be entropically driven by partial dehydration of both
the surfaces and POMs. It was further shown that the adsorption of super-chaotropic POMs is not
specific towards polar surfaces but can be generalized to neutral and hydrated oligomers or poly-
mers such as (poly-)ethylene glycol.”” In most of the applications of POMs surface effects are in-
volved as in catalysis,'?" materials science,?? in micrography?® and in the fabrication of electrodes.l**!
Therefore, a deep understanding and characterization of the ability of POMs to adsorb spontane-
ously on surfaces is essential for further innovative developments.

In this contribution, we propose a simple experimental procedure to classify POMs according to
their propensity to adsorb on polar surfaces. The classification of POMs was made by investigating
the cloud point (CP) increase of a non-ionic ethylene glycol (EOy)-based surfactant, tetraethylene
glycol octyl ether (CsEO4), upon the addition of POMs of different sizes, charges, structures and

compositions, see Figure 3.3.

a) 0.5 nm

AR A A

Figure 3.3: Representative structures of (a) an a-Keggin-type POM anion (here PW;,04>, PW?,
PMo01,04*, PM0?, SiW1,04*, SIW*), (b) a Dawson-type POM anion (here P,W;50¢,%, KP2W and
HP2W, and P,W;;VOes", HP2WV) and (c) the structure of tetraethylene glycol monooctyl ether
(CsEQ.).
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The term cloud point (CP) generally refers to a liquid-liquid phase separation upon heating an aque-
ous solution containing a thermosensitive polymer or a surfactant.’>2¢ The CP increase of a thermo-
responsive molecule by adding a salt has been previously used as a tool to evaluate the adsorption
strength/association constant of polarizable anions to the thermo-responsive molecule.?®?” Naskar
et al. showed that a pronounced increase of the CP of CsEO,upon the addition of POMs was related
to the strong adsorption of PW;,04> and SiW;,04* anions onto the micellar surface." This ap-
proach is extended here to a series of POMs in order to highlight the pertinent parameters that
influence the super-chaotropic behaviour of POMs. In a recent work by Kobayashi et al. a partial
ranking of POMs according to their chaotropic nature was made based on the effect of POMs on
the surface pressure isotherm of ionic and zwitterionic lipids. They concluded that POM'’s effects
result from hydrophobic and electrostatic interactions between polyoxometalates and lipid mono-
layers.l”® The present work investigates the effect of POMs on non-ionic systems which allows ex-
cluding the role of pure electrostatic interactions in the adsorption of POMs at surfaces. Moreover,
the role of the hydrophobic effect is also likely to be negligible in the surface adsorption of POMs

as they do not show any surface activity at water—alkane interfaces.

3.3 Experimental

CP measurements. Solutions containing 60 mM CsEO4 and a distinct amount of POM were placed
into a thermostat (Thermomix_1460, B.Braun Melsungen AG) and were heated from 24 °C to 97 °C
with a rate of 1 °Cmin™'. The CP was detected by visual inspection with an uncertainty of + 1 °C.

SAXS. SAXS/WAXS experiments were performed at the TRUSAXS beamline (ID0O2) at the ESRF in
Grenoble, France. The instrument uses a pin-hole collimated monochromatic incident beam with a
wavelength A = 0.1 nm (12.4 keV). The SAXS detector (Rayonix MX-170HS) was set to a sample-to-
detector distance of 1.2 m and WAXS data is simultaneously recorded with a Rayonix LX170HS
detector placed in air 14 cm away from the sample. This setting allows to cover a broad g-range
from 0.06 to 6.5 nm™ with g = 41/A sin(6), the scattering vector defined by the scattering angle 26.
The magnitude of the q vector for the WAXS was calibrated with the Bragg-reflections of a Para
Bromo Benzoic Acid (PBBA) standard. The flux of the incident X-ray beam was 6+ 10'? photons/s.
Samples were contained in quartz capillaries with a diameter of 2.0 mm and a wall thickness of 0.01
mm. Measured 2D scattering pattern were normalized to absolute scale (in mm™) after instrumental
corrections and azimuthally averaged to obtain the scattered intensity as a function of g. The nor-
malized cumulative background of water, sample cell and instrument were subtracted to obtain 1(g).

Note that the beam polarization was not taken into account during the data reduction.
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3.4 Results and Discussion

The cloud point (CP) increase of CsEO4 (60 mM) is plotted in Figure 3.4 as a function of POM
concentration and compared to the effect of classical Hofmeister anions (data for salts are taken
from Naskar et al."®). H;PW1,040 (HsPW) demonstrates the strongest CP increase followed by
H3PMo01,040 (HsPMo) depicting a similar but slightly less pronounced CP increase for c(H;PW/ HsPMo)
< 5 mM. For c(HsPW/ HsPMo) > 5 mM, a precipitate is obtained confirming the stronger attractive
interactions of these two POMs with the micellar surface, compared to the other investigated POMs.
The CP increase by HaSiW is even less prominent than the one by HsPW and HsPMo. Interestingly,
KeP2W180s, (KP2W) and HeP,W1506, (HP2W), two Dawson-type POMs, increase the CP almost simi-
larly but much less than the Keggin-type POMs. K;P,W17VOs, KP2WV displays the least pronounced
effect. It is shown here for the first time that POMs of Dawson'’s type increase the CP of a thermo-
sensitive molecule. The CP increase by lowly charged Keggin-type POMs, i.e. HsPW, HsPMo and
HJSiW, is more pronounced than by highly charged Dawson-type POMs, i.e. KP2W, HP2W and
KP2WV. Moreover, it should be remarked that the CP increase by POMs is much more pronounced
than by chaotropic anions in the classical Hofmeister's series. For example, sodium thiocyanate,
NaSCN, increases the CP only by 5.3 °C for ¢(NaSCN) = 50 mM, " compared to 10-60 °C for c(POM)
=4 to 8 mM depending on the POM. The ranking according to the absolute CP increase is therefore

as follows: HsPW > HsPMo > HsSiW > KP2W =~ HP2W > KP2WV >>> NaSCN.
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Figure 3.4: CP of 60 mM CgEO4as a function of increasing POM (or salt) concentration. The solid
lines represent Langmuir fits of the CP increase. Error bars represent the error of the CP by detection
with visual inspection, + 1 °C. The CP values for salts were taken from Naskar et al."!
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Figure 3.5: SAXS spectra of 60 mM CsEO4 (with and without 100 mM NacCl),1 mM KgP,W;50s; and
their mixtures (1 MM KeP,W1806,—60 mM CgEQ4 and 1 mM KeP2W15806,—60 MM CgEO4~100 mM
NacCl) in aqueous solution.

Small angle X-ray scattering measurements (SAXS) were performed on CsEOs, POMs and their mix-
tures to investigate the adsorption of POMs on the micellar surface, see the results for CsEO,~KP2W
in Figure 3.5.

The scattered intensity of 60 mM CsEO4 is very low, as expected from the very low contrast of
micelles compared to water." The large oscillation, centred at around 1.5 nm™, originates mainly
from an electron density excess in the micellar shell due the presence of EO groups providing a high
electron density compared to the micellar core (octyl chains) and water. KP2W displays the scatter-
ing signature of dispersed prolate spheroidal objects in aqueous solution with electrostatic repul-
sions as indicated by the decay of the scattered intensity for g <0.5 nm'. The SAXS spectrum of the
mixtures of 60 mM CsEOsand 1 mM KP2W displays a much higher scattered intensity and a typical
pattern of a core—shell structure with a large electron density excess in the shell, i.e. CsEOsmicelles
with POMs adsorbed in the micellar shell.'¥ Strong inter-micelle and inter-POM repulsions account
for the depression of the scattered intensity for ¢ < 0.4 nm™. The addition of 100 mM NaCl to a
solution containing 60 mM CsEO4and 1 mM KP2W, aiming at screening electrostatic interactions,

leads to an increase in the scattering intensity for g < 0.4 nm™. Such a SAXS pattern therefore shows
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the strong adsorption of POMs onto the surface of CsEO, micelles as shown previously by Naskar et
al. for HsSiW—-CsEQ, in comparable compositions.™ The adsorption of POMs onto the surface of
CsEO4 micelles leads to a strong increase in micelle-micelle repulsions leading to an increased CP of
CsEO4in the presence of POMs. A similar conclusion is made for all POMs under discussion since
they produce a similar scattering pattern as depicted in Figure 3.5, see Fig. S4 (ESIT). The adsorption
of POMs in the micelle’s corona is confirmed by the fitting of the SAXS spectra using a core—shell
model, as described previously."” The fitting results, see Table S1 (ESIT), suggest a large increase in
electron density subsequent to the POM adsorption. Specific details on the fitting procedure are
given in the ESIf.

Considering that POMs adsorb on the micellar surface, the CP increase as shown in Figure 3.4
resembles a general evolution of an adsorption isotherm. Hence, the CP curves were fitted with a
Langmuir model modified by a scaling parameter Bna corresponding to the extent of the CP in-

crease:

Equation 1: CP = CP(CsEQy) + (Bimax - Ka- c(POM)) / (1 + Ka - c(POM))

with CP(CsEOQ4) being the cloud point of CsEO.in pure water and K, the equilibrium association
constant of the adsorption in units of mMM™. This latter parameter is mostly dependent on the steep-
ness of the CP increase at low POM concentrations whereas Bnaxdescribes the maximum extent of
the CP increase. At this point we want to emphasize that the CP evolution does not meet the re-
quirements of a classical Langmuir isotherm model as it (i) implies an adsorption process that is
based on a well-defined flat monolayer under isothermal conditions with (ij) identical and equivalent
adsorption sites and (i) excluding (electrostatic) interactions and steric hindrance between POMs
on adjacent adsorption sites. Despite the apparent non-applicability of this model on the system
studied here, Bnax and K, values can be extracted from the best fits of the experimental data, see
the fits represented by full lines in Fig. 2. Bna and Ka values corresponding to the best fits are listed
in Table 1. Both Bnax and Ka values provide an estimation of the chaotropic behaviour of each POM,
i.e. the higher the B,.qx and Ka values the stronger the super-chaotropic behaviour. It should be noted
that Bnmax values are more reliable than K, values to estimate the relative chaotropic behaviour of
POMs. K, values values are tainted with a large error, typically 0.1 mM™, due to the steep increase
in the CP for low POM concentrations observed for all POMs, except for KP2WV which shows a
significantly lower Bnax values. Nevertheless, the low K values obtained here —in the mM™ range —
show a strong general affinity of the POMs towards the micelle surface. Note that the K4 value for
thiocyanate (SCN), a classical chaotropic Hofmeister anion, obtained from a similar fitting proce-

dure, is much weaker than that for the (super-chaotropic) POMs, see Table 3.1.
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Table 3.1: Fitting parameters (R? always larger than 98.3%) obtained from a modified Langmuir
model of the CP increase. The volume charge density p is obtained by dividing the excess charge,
n-e by the volume of Keggin type POMs (0.46 nm?) and Dawson type POMs (0.68 nm?) extracted
from S. Hermann.B"

Brmax Ka Charge P
°C mM’’! e e-nm?
H3PW1,040 61.2 1.41 3 6.5
H3PMo01,040 59.6 1.16 3 6.5
HaSiW1,040 47.8 0.58 4 8.7
KeP2W1gOs2 42.0 0.56 6 8.8
HeP2W15062 39.8 0.61 6 8.8
K7P,W17VOs; 13.4 0.42 7 10.3

In the following an attempt was made to rationalize the series of POMs obtained according to their
super-chaotropic behavior. In general, the chaotropic/kosmotropic behavior of ions follows their
size/charge and polarizability where large anions of low charge density and high polarizability show
the most pronounced chaotropic character.” Therefore, the volume charge density of POMs, p,
expressed in number of charges per volume unit, see Table 3.1, was chosen as a criterion to char-
acterize the chaotropic behaviour of POMs as p is related to their charge and size. It should be noted
that for small ions (CI, Br, SCN;, etc.) such a calculation is much trickier since their ion radius in
aqueous solutions is not well defined. This leads to huge errors in the estimation of the ionic volume.
For this reason, hydrated volumes obtained from density measurements are usually considered as a
size criterion to compare ions in solution.”% As POMs are well defined nano-building units their
volumes were calculated from their size in the crystal structure. The Keggin type POMs were con-
sidered to be oblate spheroids, almost spherical, with dimensions of 0.82 nm x 1.03 nm x 1.03 nm
resulting in a volume of 0.46 nm?and Dawson type POMs were considered as prolate spheroids
with dimensions of 1.22 nm x 1.03 nm x 1.03 nm resulting in a volume of 0.68 nm?>. These size
values were taken from ref. [31], with HsPW taken as a representative of a Keggin anion and HP2W
as a representative of a Dawson anion. The substitution of tungsten by molybdenum has a negligible
influence on the volume of the POM resulting in a similar p value for PMo* and PW?".

It appears here that the p values of POMs are related to the CP increase and to their chaotropy, i.e.
the lower the p the higher the Bnax, see Table 3.1. Indeed, p vs. Bra Shows a roughly linear evolu-
tion, with a coefficient of determination of R? = 0.85 (see Fig. S5, ESIT). This result suggests that the
charge density is a major feature of POMs that controls their chaotropic behaviour. It is generally
assumed that a higher p leads to stronger hydration, i.e. water molecules bind more strongly to

POMs with a higher charge density. Consequently, partial dehydration of POMs, taking place along
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with the adsorption process, is associated with a higher energy cost for POMs with a higher p. It is
interesting to remark that the type of the POM counterion is negligible on By..x when compared to
KP2W and HP2W. Therefore, the counter ion has nearly no influence on the super-chaotropic be-
haviour of POMs. Moreover, this result is a direct proof that (i) the CP increase of CsEO4 by adding
POM s is not related to the acidity of different POMs and that (ii) the high acidity does not lead to
protonation of the surfactant and formation of an anionic (POM)-cationic (protonated surfactant)
complex. PW?is found to be slightly more chaotropic than PMo?*, see Table 3.1 and Figure 3.4.
PMo* and PW?* only differ with respect to their polarizability, as they have an almost identical size
and the same charge. Indeed, PW?"is known to be more polarizable than PMo*,?? as expected from
the higher number of electrons of a W atom (Zw = 74) compared to a Mo atom (Zw, = 42). Highly
polarizable ions adjust their charge distribution to minimize the electrostatic self-energy cost during
adsorption at an interface.®® Hence, the polarizability of POM nano-ions also influences the cha-
otropic behaviour and adsorption propensity of POMs towards polar molecules or surfaces but much

less pronounced than their charge density.

3.5 Conclusion

In an attempt to draw general conclusions, it appears that the super-chaotropic behaviour of anions
emerges from different features: the anion should have delocalized charges and should be large
enough, typically at least in the nm range (nano-ions), to provide a high entropic gain associated
with the surface adsorption process. This major entropic contribution to adsorption is associated
with the release of hydration water molecules from the nano-ion (and from the surface) to the water
bulk phase. The strength of the super-chaotropic behaviour is related to the volume charge density,
p of the anion, i.e. the lower the p the higher Bna.. A stronger anion hydration, due to a higher p,
leads to a less efficient dehydration (lower entropy gain) during the adsorption process because a
smaller number of water molecules is released, see PW? vs. SiW* or PW* vs. P2W®. The anion po-
larizability influences the chaotropic tendency of POMs (PMo?vs. PW?) to a much smaller extent as
they scale with dispersion forces which are often proposed to be the driving force of specific ion
effects.?” In this context, our conclusions are also an extension of Collins concept of matching water
affinities, observed between two oppositely charged particles (ions),**to the interaction of charged
particles (here POMs) with uncharged but hydrated/polar molecules or surfaces. The procedure de-
scribed here for POMs can be extended to other types of nanoions, such as boron clusters: dodeca-

borate, which was recently described as a super-chaotrope®! or metallacarboranes.*®
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Figure 4.1: Back Cover Artwork of the published article in Chemistry — A European Journal.
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This chapter was published in the peer-reviewed Journal Chemistry — A European Journal of the
publisher Wiley (DOI: 10.1002/chem.201700044, this is also where the electronic supplementary
information (ESI) can be found). It is worth to mention that this work was highlighted as a Back
Cover of the respective issue and was marked as a HOT PAPER. Several other people also contrib-
uted to this work:

- Dr. Xavier LeGoff performed the single-crystal X-ray study for PW? - EOs/EOs - 3Na* crystals.

- Dr. Bappaditya Naskar was the first one who observed the formation of ethylene glycol -
polyoxometalate crystals

- Dr. Olivier Diat and Prof. Dr. Arno Pfitzner contributed with fruitful discussions and super-
vised the experimental work and improved the manuscript (MS)

- Dr. Pierre Bauduin simulated SAXS spectra, contributed with practical work for SANS meas-
urements, contributed with fruitful discussions, supervised the experimental work and
wrote/corrected the MS

- Thomas Buchecker performed the practical work, performed the single-crystal X-ray study

for PW? - EOq; - K*H™H* crystals, designed the figures, wrote and improved the MS.

Abstract: In the last decade organic-inorganic hybrid materials have become essential in material
science as they combine properties of both building blocks. Nowadays the main routes for their
synthesis involve electrostatic coupling, covalent grafting and/or solvent effects. In this field, poly-
oxometalates (POMs) have emerged as interesting inorganic functional building blocks due to their
outstanding properties. In the present work we show that the well-known a-Keggin polyoxomet-
alate, a-PW1,040* (PW?), can form hybrid crystalline materials with industrial (neutral) poly-ethylene
glycol oligomers (PEG) under mild conditions, i.e. in aqueous medium and at room temperature.
The formation of these materials originates from the spontaneous self-assembly of PW?* with EO,,
with at least four EO units (x > 4). The PW?*-PEG nano-assemblies, made of a POM surrounded by
about two PEG oligomers, are stabilized by electrostatic repulsions between the negatively charged
PW?3" anions. Addition of NaCl, aiming at screening the inter-nano-assembly repulsions, induces ag-
gregation and formation of hybrid crystalline materials. Single crystal analysis showed a high selec-
tivity of PW? towards EOs-EOs oligomers from PEG200, which is made of a mixture of EOs.s. There-
fore, a general “soft” route to produce POM - organic composites is proposed here by the control
of electrostatic repulsions between spontaneously formed nano-assemblies in water. The method-
ology developed here, which is based on the electrostatic screening between pre-formed organic-
inorganic EO,-PW?" nano-assemblies, can be extended to other kind of water soluble oligomers that
interact with POMs in solution as shown for composite materials consisting of PW?* — EOq; - K* - H*
- H*, i.e. different (mixed) cations, different EO, chain lengths and different number of ethylene

glycol chains (EOs/EO¢ vs. EO+1).This rational design of new POM hybrid (crystalline) materials with
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hydrophilic blocks using such a simple mixing procedure of the components however implies a deep

understanding of the molecular interactions.

Formation of nano-assemblies Crystal Formation

<
R i

H,0 w\)‘\( NaCl
— - oy —
"o ‘ Screening

effect

Figure 4.2: Come together: The screening of the electrostatic repulsions between spontaneously
formed ethylene glycol-polyoxometalate nano-assemblies promotes the formation of a crystalline
hybrid material.

4.2 Introduction

Polyoxometalates (POMs) are anionic metal-oxygen clusters consisting of oxo-linked MO polyhedra
of early transition metals in their highest oxidation state.!" Their electronic versatility and the blend
of p-bock elements, transitions metals and differently bound oxygen atoms (terminal and bridging)
grant special properties resulting in a broad field for applications such as catalysis,** material sci-
ence,**'biology®” and medicine.®' For most of these applications the understanding of the inter-
actions between inorganic POM clusters and organic entities is essential.

In this context, much effort has been made to the design and building of POM-organic hybrid as-
semblies. Many examples on such hybrid POM systems are provided in recent comprehensive re-
views for example by Proust et al."" and Cronin et al."? The design of POM-organic composite
materials is mostly based on two approaches: an electrostatic coupling between an anionic POM
with an organic cation and a covalent coupling with the POMs chemically grafted to organic moie-
ties. POM s fixed at electrodes,” embedded in polymers'¥ and organized in a hierarchical self-as-
sembly'>22 are examples that meet the former case. In a recent contribution of Izzet et al. hierar-
chical self-assembly of POM hybrids has been achieved by using an approach that combines elec-
trostatics interactions and metal coordination of a POM chemically grafted building block.l'® Inter-
estingly, the self-assembly process in this latter system, from discrete assembly to nano-aggregate,
was tuned by changing the type of solvent. On the other hand, covalent grafting has been used to
immobilize POMs on surfaces or interfaces,” in mesoporous materials?*?*'and in the synthesis of
POM based surfactants to form either microemulsion systems® or smart electrochemically respon-

sive materials.?”



From nano-assemblies in water to crystal formation by electrostatic screening 36

Recently, the strong propensity of a-Keggin based POMs, phospho- and silico-tungstate (a-
SiW12040* and a-PW1,040*), to adsorb on neutral soft interfaces covered with polar organic moie-
ties, such as sugar and ethylene oxide (EO) groups, was highlighted.® POMs were indeed shown
to adsorb at the micellar surface of e.g. tetraehtyleneglycol mono-octyl ether (CsEO4) and octyl beta-
glucoside (CsGs), without disrupting the micellar assembly. It was also shown that the adsorption of
POMs is not restricted to the micelle-water interface but it also takes place at the water-air surface
covered by these two surfactants. These findings give an opportunity to the formation of hybrid
POM materials by another approach that is neither based on pure electrostatic or covalent grafting
but that takes advantages of weak intermolecular forces between POMs and polar organic func-
tional groups in aqueous solution.

Consequently, the aim of this work was first to study more specifically the role of the supramolecular
POM-(poly-)ethylene oxide (PEG) interaction previously observed at the micelle-water and water-air
interface covered by PEG based non-ionic surfactants and second to investigate the potential to use
POM-PEG interactions to build up highly ordered hybrid POM based materials. This work is restricted
to the investigation of weak interactions, i.e. neither electrostatic nor covalent bonds, acting be-
tween POM and polar organic functional groups. These interactions were probed in the most
“green” solvent, i.e. water, without using polar organic solvents classically used in POM chemistry

such as acetonitrile or DMSO.

0.5nm
(a)

¢ ® o © ©
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Figure 4.3: Optimized structures of (a) a-PW1,04> (PW?), (b) the EO, oligomer repeating unit and
(c) the main component in PEG200, i.e. EOs. PW?*-EO, interactions were investigated as a function
of its ratio, EO, chain length and EO,concentration. Polydisperse PEG chemicals (PEG200, PEG300,
PEG400 and PEG20000) were used to cover a broad range of EO, oligomer chain lengths.

The strategy applied here was to simplify the chemical systems by investigating the interactions in
water between POM, a-PW:,04*> (PW?), see Figure 4.3, and the polar head of PEG based non-

ionic surfactants, i.e. simple oligomeric PEG chains see Figure 4.3. Therefore, only the POM-PEG
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interactions without surface effects were probed in the present contribution. POMs and PEG chains
are not expected to interact in water as (i) they are anionic and electrical neutral, respectively, and
as (ii) they are both highly hydrophilic/water-soluble.

PEGs receive an outstanding importance in medicine as well as in chemistry, biology and industry
due to their low price and high biocompatibility.?*2% They are widely applied in product and drug
formulations, chemical reactions and in advanced functional materials.®'=% Hence, composite ma-
terials of POM and EO, oligomers face a long history as the combination of both the catalytic per-
formance of POMs and above mentioned benefits of PEG could lead to advantageous materials with
superior performances. Therefore, lots of work has already been performed on this subject.?>>
Already in 1989, Neumann et al. observed an elevated catalytic activity of POMs in the presence of
PEG.®¥In material science, layered PEG-POM structures consisting of PEG chains covalently grafted
to a POM, have been constructed.***” Only recently, non-covalently bound POM-(long) PEG com-
posites were produced via a hydrothermal route and characterized as intermediate temperature
proton conductors.®

In the present work, PEG-PW? interactions were probed in water at room temperature and at low
concentrations (< 100 mM), much below the solubility limits of the components, by varying the
chain length of PEG for a series of compounds from pure EO; to EO4. Longer EO, were tested as
well but as they are difficult to obtain with a pure grade, industrial mixtures were used: PEG200
(equivalent in average to EO4), PEG300 (~ EOs), PEG400 (~ EOg) and PEG20000 (~ EQOaqo). Industrial
grade PEG, show dispersity in their chain lengths, i.e. in their number of EO units. PEG200 for ex-
ample covers a range EO, from x = 3 to 8 without a majority (around 90%) being EO4, EOs and EQOe,
as analyzed by mass-spectroscopy, see SI.

PW?-EQ, interactions were studied by combining several techniques with different focus. Small an-
gle X-ray scattering (SAXS) experiments were performed as a function of POM/EO, ratios to obtain
information on electron density inhomogeneity coming mainly from the POM and the surrounding
medium composed of water and EO,. Small angle neutron scattering (SANS) measurements were
performed in deuterated water in order to gain structural and supramolecular information on the
hydrogenated EO, oligomers. Furthermore 'H-NMR was used to yield information at a molecular
level on the chemical environment of the hydrogen atoms of EO, in the presence of POM.

Since from a previous investigation?® the addition of excess salt is known to screen electrostatic
interactions between negatively charged POM anions,?® the impact of salt addition on the EO,-POM
mixtures was also investigated. The formation of a solid phase and the formation of crystals con-
sisting of EOx-PW?*" composites were investigated by SAXS as well as by single crystal-XRD. An at-
tempt was made here to correlate interactions taking place between PW? and EO, in aqueous so-

lution with the highly ordered structure obtained in the solid state.
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4.3 Experimental

Materials. Phosphotungstic acid hydrate (HsPW, MW = 2898 g/mol, HsPW1,040-H,0, 99.995% pu-
rity) was purchased from Sigma Aldrich. The maximum solubility of HsPW in water is 900 mM, the
diameter of PW? is 0.95 nm, providing a volume of 0.54 nm? per PW?". This molecular volume
corresponds to @ maximum volume fraction of 27% of a concentrated PW?" solution. TGA measure-
ments revealed, that purchased PW?" contains up to 5 wt% of water. This was not taken into ac-
count for sample preparation. PEG200, PEG300, PEG400, were purchased from Sigma Aldrich and
were of reagent grade. The molecular weights of EOx with x = 1 is 62 g/moland 44 g/mol per every
further repeating -CH,-CH,-O- (EO) unit. PEG 200 means, that the molecular weight average of PEG
amounts to 200 g/mol™, therefore having an average in the size distribution at 4 EO units (PEG300:
6 EO units, PEG400: 8 EO units). This is due to the fact, that PEG polymers consist of mixtures with
a distribution on the number of the EO units, for example PEG 200 is composed of a mixture of
PEGn = 3,4,5,6 EO units, see Sl. Pure ethylene oxide (EO;, 99%), diethylene oxide (EO,, 99%), trieth-
ylene oxide (EOs, 99%) and tetraethylene oxide (EO4, 99%) were purchased from Sigma Aldrich. In
contrast to PEG, compounds, those chemicals do not exhibit a distribution in their chain length, but
have a distinct chain length. Sodium chloride (NaCl, 99.5%), potassium chloride (KCl, 99%), were
purchased from Sigma Aldrich, hydrochloric acid (HCl, 37% for analysis) was purchased from Carlo
Erba reagents. Milli-Q water was used with a conductivity lower than 10.5 yS/cm and a total organic
carbon content of max. 400 ppb.

Sample preparation. Crystals were prepared along the same following procedure: An aqueous
solution containing EO,/PEG, and salt/acid (HCI, LiCl, NaCl) (solution 1) was cooled down to 4 °Ciin
the refrigerator. A second aqueous solution containing PW? and the same amount of salt/acid (so-
lution 2) was also cooled down to 4°C. Solution 2 was poured gently to solution 1 and left in the
refrigerator for 3 days. Then a microscopy analysis was performed to see if crystals were formed or
not.

SAXS. SAXS measurements using Mo radiation (A =0.071 nm) were performed on a bench built by
XENOCS. The scattered beam was recorded using a large online scanner detector (diameter: 345
mm, from MAR Research). A large g-range (0.2 to 40 nm™) was covered with an off-center detec-
tion. The collimation was applied using a 12:a multilayer Xenocs mirror (for Mo radiation) coupled
to two sets of scatter less FORVIS slits providing a 0.8 x 0.8 mm X-ray beam at the sample position.
Pre analysis of data was performed using FIT2D software. The scattered intensities are expressed
versus the magnitude of scattering vector g = [(4m)/A]sin(6/2), where A is the wavelength of incident
radiation and 0 the scattering angle. 2 mm quartz capillaries were used as sample containers for the
solutions. Usual corrections for background (empty cell and detector noise) subtractions and inten-

sity normalization using high density polyethylene film as a standard were applied. Experimental
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resolution was Ag/q = 0.05. Silver behenate in a sealed capillary was used as the scattering vector
calibration standard.

SANS. SANS spectra were recorded at the V16-TOF beamline at the HZB Berlin. The g-range from
0.6 nm™ to 7 nm™ was accessed which corresponds to sizes from around 0.9 to 10.5 nm in real
space. All spectra were corrected from instrumental background and empty cell and from the inco-
herent scattering, mainly due to hydrogen atoms of the PEG,. The small contribution of PW? (con-
stant scattering over the whole g-range) was also subtracted. The scattered intensity was calibrated
with water and therefore data are shown in absolute values (cm™).

NMR. All NMR spectra were measured at room temperature using a Bruker Avance 300 (300 MHz
for 'TH) NMR spectrometer. All chemical shifts are reported in §-scale as parts per million (ppm)
(multiplicity, coupling constant J, number of protons) relative to the solvent residual peak (D,0) as

the internal standard.

4.4 Results and Discussion

A concentration of 50 mM EO;-EQ, and PEG (200, 300, 400, 20000) in aqueous media of H3PW,
the acidic form of PW?*", provides clear isotropic solutions at any proportion without the formation

of any precipitate visible at the macroscopic level.
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Figure 4.4: The interaction of EO,/PEG — POM monitored on a molecular level. (a) SAXS spectra of
0 mM (red), 50 mM (blue) and 100 mM PEG200 (black) in the presence of 25 mM HsPW. The
scattering pattern of PEG200 in water is not shown as ¢(PEG200) < 100 mM does not produce a
detectable signal compared to the spectrum of neat water. Theoretical simulations (solid lines) of
SAXS spectra for hypothetical molecular arrangements of PW?*-PEG assemblies: PW?" alone (red),
PW? with two EO4 oligomer in a fully extended conformation (blue) , PW*-2(EQ.), (blue) and PW*
with four EO, oligomers in a fully extended conformation PW?-4(EQ.), (black). For the sake of clarity,
the simulated spectra are shifted in intensity from the experimental spectra. (b) SANS spectra of 50
mM PEG200 as representative model for EO, oligomers in the presence of 0, 12.5 and 25 mM
HsPW.
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4.4.1 PW?/EO, nano-assemblies by small angle X-ray scattering (SAXS).

The SAXS spectra of 25 mM PW? in pure water and in the presence of 50 and 100 mM PEG200 are
depicted in Figure 4.4. All spectra overlap in the high g-regime (g > 5 nm™) where the scattered
intensity comes mainly from the PW?, i.e. its form factor and its concentration. At low g values (g
< 0.5 nm™) where inter-molecular sub-molecular distances are concerned, all spectra show a de-
creased intensity indicating strong repulsive interactions between negatively charged POMs.? The
spectra of PEG — PW?® show excess scattering in the low g-range (g <4 nm™') compared to pure PW*
. The excess scattering increases and shows a maximum value that is shifting to lower g values, i.e.
larger distances, with increasing PEG200 concentration. These two last features observed in the
spectra by adding PEG200 can be attributed to an excess of electron density (compared to water)
around the POM and to the formation of a structure larger than the POM alone (~ 1 nm in size),
respectively. Therefore, the SAXS spectra can be interpreted by the formation of POM-PEG self-
assemblies with the POM decorated by PEG oligomers, which has an electron density higher than
the one of water.

This type of structure for the nano-assemblies was validated by simulations of the SAXS spectra for
different hypothetical computer built PW?-(EQ.)« molecular arrangements. PW?-(EQ,), nano-assem-
blies were designed in-silico and their SAXS spectra were calculated from their spatial atomic posi-
tions by using the CRYSOL software."% Snapshots of the different molecular arrangements, the sim-
ulated curves and the details on the procedure to produce the simulated spectra are given in SI. The
simulated spectra for PW? and for PW*-EQ, nano-assemblies with 1:2 and 1:4 ratios, i.e. PW?3-
2(EQ4) and PW3-4(EQ,), (see solid lines in Figure 4.4) have shapes similar to the experimental spec-
tra obtained for PW*-PEG200 at different PEG concentrations. Both the shift to lower g values and
the increase in the excess scattered intensity are reproduced in the simulations. The consistency
between the experimental and simulated spectra suggests that PEG oligomers bind with PW?" in
water and that PW? are getting more and more surrounded by PEG oligomers with increasing
PEG/PW? ratio.

In a previous investigation, Keggin POMs were found to adsorb on the surface of micelles of non-
ionic PEG/sugar based surfactants.”® In order to ensure that such a structure, formed by PEG(s)
surrounded by POMs, does not form in PEG/PW? mixtures, simulations of PW*-PEG, nano-assem-
blies made of a core of many PEG,oligomer(s) surrounded with several PW?, were investigated, see
Figure S1. Such hypothetical molecular arrangements give SAXS spectra with a strong oscillation in
the mid g-range, at around 2 nm™, originating from strong POM-POM repulsions. Such an oscillation
was never observed in the experimental spectra confirming that PW*-PEG assemblies consist of
single POMs decorated with PEG oligomers.

In order to get a deeper understanding of PW?*-PEG interactions in water, EO; — EO4 and
PEG300/PEG400/PEG20000 were also investigated by SAXS in the presence of PW?*, see Figure S2.
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Scattering spectra of EOy — EOQ4 / PW? mixtures overlap the spectrum of pure PW?" in water over the
whole g-range, suggesting that no assembly is formed. The spectra of PEG300/PEG400/PEG20000
- PW? clearly show excess scattering in the low g-range (g <4 nm™) compared to the PW? spectrum;
the same holds for PEG200. By increasing the length of PEG, the excess scattering and the maximum
of the scattered intensity, respectively, becomes more pronounced and is shifted to lower g values.
Considering that electrostatic repulsions between the aggregates take place, the size of the PW?*
/PEG, assemblies cannot be estimated by applying a Guinier analysis. As a rough estimation, the
intensity decrease in the g-range 1 < g < 3 nm™ indicates that aggregates with an average radius of
0.6 to 1 nm are formed. Comparing these average radii to the hydrodynamic radii of pure PW?" in
water, i.e. 0.5 nm see Figure S3, also confirms the presence of nano-assemblies of PW?*/PEG. More-
over, this scattering signal is shifted to smaller g values from PEG300 to PEG400 to PEG20000 indi-
cating that larger nano-assemblies are formed with increasing EO, chain lengths. The comparison
of the experimental and simulated spectra, see Figure S1, indicates that PEG300-PW? and PEG400-
PW?3" assemblies produce similar scattering patterns as the ones of PW?" surrounded by 3 and 7 EQ,4
oligomers, respectively. Therefore, it can be concluded that the extent of excess scattering and the
shift of the gmax values depend on the absolute number of EO, oligomers around PW?*". The change
in the conformation of the EQ4 oligomer, from an extended to a U-shaped conformation, alters only
slightly the simulated SAXS scattering pattern of EO, decorated PW?* assemblies. Therefore, no con-
figurational information can be derived from SAXS.

From these scattering experiments we can deduce that the formation of PW?*/EO, assemblies is
mostly promoted by longer EO, oligomers x > 4 and that the size of these assemblies increases with

the length of the EO, oligomer, once a critical EO, chain length is reached, i.e. for x > 4.

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

SAXS gives a first proof of the PW?*/EOQ, interactions taking place in water and leading to their self-
assembly. The scattering contrast in SAXS originates here from inter and intra correlation of POM
which has a very high electron density due to the presence of tungsten atoms. In order to investigate
further the PW?-EQ, self-assembly, SANS experiments were performed on PEG200-PW? mixtures in
D,0. The advantage of performing SANS in the present system is that PW?* produces almost no
contrast with D,O and a constant scattered intensity is observed over the whole g-range. For the
sake of clarity this spectrum is not shown in Figure 4.4(b). Therefore, only the hydrogenated
PEG200 contributes to the coherent scattered intensity. Figure 4.4(b) shows the SANS spectra of
PEG200 at 50 mM in D,O for different PW?* concentrations: 0, 12.5 and 25 mM, corresponding to
PEG/PW?" molar ratios of 1/0, 4/1 and 2/1. The spectrum of 50 mM PEG200 shows the typical scat-
tering of globular objects. Addition of PW? leads to (i) an increase of the forward scattering, /(0),

and to (ii) a slight shift of the scattering spectra towards lower g, which indicates the formation of
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larger scattering objects. However, the difference between the spectra at 12.5 and 25 mM remains
weak.

The spectra could be well fitted with a Guinier model, /(g) = I(0) exp(-g*°R4/3), yielding mean radii of
gyration (Ry) of the aggregates from 0.5 (for 0 mM PW?), 0.7 (for 12.5 mM PW?) to 0.8 nm (for
25 mM PW?), confirming the increasing size of the scattering object when adding PW?". Further-

more, the /(0) values were analysed by assuming the scattering of isotopically distributed objects as:

Equation (1): 1(0) = nV(Ap)?

with n being the concentration of the scattering objects, V their Volume, and Ap the scattering
length density difference between D,O and the scattering objects. By assuming that (i) PEG200
oligomers only contribute to the scattered signal in SANS and that (i) PEG200 is mostly composed

of EQ4, then the forward scattered intensity can be rewritten as:

Equation (2): I(0) = [EQls * Nagg - VA([EQ]4) - (p(D20) — p(EO4)F

with [EO4] the PEG200 number concentration, Ny, the aggregation number of EQ,4 in EO,/PW? as-
semblies, V([EO],) the molecular volume of EO4 and p the scattering length densities of D-O and
EO.. The experimental spectra were fitted by adjusting only Nag, as the other parameters are known.
The Nggq values obtained by this approach are 1.0, 2.0 and 2.2 for 0, 12.5 and 25 mM PW?* and
correspond to averaged aggregation numbers with an error estimated to be at least 0.5. Only aver-
aged Nqggvalues can be estimated as the PEG can be present in solution as a mixture of un-associated
oligomers and PW?* associated oligomers (PW3-EQ4, PW?-2(EQ4), PW?-3(EQ,) etc.). From the SANS
results it can be concluded that (i) PEG200 is in monomeric form, i.e. non-aggregated at 50 mM in
pure water and that (i) addition of PW?*" leads to PEG200 aggregation. By combining the SAXS/SANS
results, it can be stated that PW*-PEG200 nano-assemblies consist of a POM surrounded by in av-

erage two PEG oligomers.
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4.4.3 Molecular interactions in the nano-assemblies probed by NMR.

*

0 mM PW3

20 mM PW>

50 mM PW3

100 mM PW?3

3.75 3.65 3.55

Figure 4.5: NMR resonance signals of 100 mM PEG200 in the presence of 0, 25, 50 and 100 mM
PW? (from top to bottom) and qualitative assignment of the protons of the main component of
PEG200, i.e. EO4, to the resonance signals. The stars indicate the change in intensity of the reso-
nance signal stemming from the inner protons (blue circles) and the emergence of a doublet of
PEG200, which represents PEG200 adsorbed on PW?>".

"H-NMR was performed to probe the change in the local environment of the EO, oligomers caused
by their adsorption on PW?. Previous studies have shown that NMR is an efficient technique to
probe molecular interactions of PEG for example with zeolithe®" or proteins.®*?

PEG200 was chosen as a EO, representative as SAXS and SANS experiments clearly showed the
presence of PW?*/PEG200 nano-assemblies. Hence, 'H-NMR spectra of 100 mM PEG200 solutions
in DO were collected for different PW?* concentrations (0, 20, 50, 100 mM), see Figure 4.5. The
spectrum for 0 mM PW? depicts three resonance signals: a multiplet from 3.55 to 3.62 ppm, a
multiplet from 3.65 to 3.70 ppm and a sharp singlet at 3.65 (marked with *). By considering EO4
(Cg0sH1g), the main component of PEG200, hydrogen atoms can be assigned by using Shoolery’s
rules for the NMR increment of -CH,- groups.”¥ The multiplet overlapping with the large singlet at
3.65 to 3.70 ppm is assigned to the -CH,-CH»-OH (brown). The large singlet is assigned to the
magnetically equivalent inner -O-CH2-CH,-O- groups (blue)**4and the multiplet from 3.55 to 3.62
ppm is assigned to the CH, groups connected to the terminal -CH,OH groups -CH,-CH,-OH (black).
The O-H protons of the terminal hydroxyl groups are not visible in this NMR setup due to their fast

intermolecular exchange with the solvent.*!
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Addition of PW? to PEG200 produces two main effects on the spectra, it yields to (i) a shift of the
large singlet to the deep-field and to (i) an intensity decrease of the singlet and the emergence of
a doublet which increases in intensity with increasing PW? concentration (marked with *). This last
trend as a function of PW? concentration indicates that the singlet and the emerging doublet cor-
respond respectively to the un-associated and associated form of the PEG in solution. Therefore, the
progressive formation of the nano-assemblies by increasing PW?* concentration is monitored. For
100 mM PW? the three signals are well separated and can therefore be integrated separately giving
a hydrogen ratio of 8:4:4. A detailed integration of the multiplets is shown in Figure S4. The multi-
plet at 3.57 ppm can still be attributed to the terminal -CH,- groups (red) as it remains almost con-
stant with increasing PW? concentration. The multiplet initially at 3.67 ppm also remains almost
constant. Only the singlet corresponding to the inner hydrogen atoms of EQj shifts to the deep-field
upon addition of PW?". Therefore, NMR suggests that the hydrogen atoms of the two inner EO units
strongly interact with PW?* whereas CH, groups in the two terminal EO moieties do not take part in
the self-assembly between PW?* and EO, oligomers, see Figure 4.6. Note, that for NMR experiments
higher PW? concentrations were chosen compared to SAXS/SANS experiments in order to highlight
the trend of the splitting and shifting of the resonance signals. Furthermore, additional NMR exper-
iments on the pure EO, compound, i.e. tetraethylene glycol, were performed to obtain further in-
formation on the adsorption process for shorter chain EO, oligomers, see Figure S5. Indeed, a shift
of an intense singlet to the deep-field was observed (as it was the case for PEG200). However, (i)
no splitting of the singlet and (ii) no changes in the relative intensities of the resonance signals were
observed. Furthermore, the relative chemical shift, § Appm, upon addition of PW? is smaller com-
pared to the relative chemical shift of PEG200 upon PW? addition. Therefore, it can be concluded
that pure EO, also interacts with PW?, but at only at higher concentrations of PW? in comparison
to PEG200.

In order to prove that the shift of the singlet and the emergence of the doublet do not originate
from a classical salt effect or from the acidic protons of H;PW?*, NMR spectra of PEG200 were
collected in the presence of various salts and for similar acidity using HCl. These tests did not result
in significant changes of the shape and the shift of the resonance peaks, see Figure S6 and S7.
Consequently, the changes observed on the "H-NMR spectra by increasing PW?" concentration can
be attributed to the formation of PW?-EO, nano-assemblies in water. It should be noted that the
NMR signal of PEG200 is interpreted to come from its main component, i.e. EO4, because the inte-
gration of the three 'H-NMR signals gave the ratio 8/4/4 for H atoms of inner and outer EO moieties.
This assumption is however validated by the average number of EO unit in PEG200 which is generally
considered to be 4, as deduced from its average molar mass. The complexity of the NMR spectra
showing many overlapping peaks may arise from the polydispersity of PEG200 which is composed

of a mixture of EO, oligomers with x ranging from 3-8 as measured by electro-spray ionization-mass
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spectroscopy (ESI-MS), see Figure S8. From the qualitative assignment of NMR resonance signals of
the PEG200 compound, it can be concluded that (i) PW? interacts with EO, oligomers and that (i)
PW? interacts preferentially with the inner protons of the EO,oligomer, as shown in the sketch of

the nano-assembly in Figure 4.6.

Figure 4.6: Schematic representation of the PW*-PEG nano-assemblies in aqueous solution. Scat-
tering methods (SAXS, SANS) and NMR revealed an accumulation of roughly two PEG oligomers in
a loop shape configuration around one PW?"anion. SAXS/SANS provides information on the type of
supramolecular assemblies, i.e. a PW? surrounded by PEG oligomers, and NMR informs on the spe-
cial interaction of the inner -CH,- groups of EO, with PW? supporting the loop shape model of EO;
in PW37EO, nano-assemblies.

4.4.4 From nano-assembly in water to crystal formation by electrostatic screening

In @ previous study it was shown by SAXS that addition of salts, such as NaCl, to POM aqueous
solutions leads to the screening of electrostatic repulsions between the POM anions. A salt in-
duced screening effect was previously observed also between non-ionic micelles decorated by
POMs .8 In the following, the screening of electrostatic repulsions in the PW*-(EQ), mixtures was
investigated for a fixed PW? concentration of 25 mM by adding 100 mM NaCl, which is sufficient
to screen most of the electrostatic repulsions.?®

In the case of EO;, EO,, EOs and EQ,, the solutions stayed clear in the presence of NaCl in the
concentration range of [EO,] from 5 to 500 mM and no changes in the SAXS spectra were observed
compared to the spectrum of pure PW?* (25 mM) with NaCl (100 mM), see Figure S9. On the con-
trary for PEG200, PEG300 and PEG400, white crystalline precipitates were formed instantly after
mixing PEG-NaCl and PW?*-NaCl solutions. For the much longer EO, oligomers, i.e. PEG20000, the
solution became cloudy after mixing with PW*/NaCl and streak like- or coacervate like structures,
were formed, see the optical microscope images in Figure S10. Consequently, precipitation only
takes place when PW?-PEGs nano-assemblies are present in solution suggesting that the precipitates
originate from the aggregation of the nano- assemblies caused by a screening of electrostatic re-
pulsions between the nano-assemblies. To gain further insight into the structure of the PEG (200,
300, 400) - PW?* composite materials, crystal growth conditions have been optimized to obtain large

crystals suitable for single crystal analysis. The experiments focused on the concentration variation
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of PEG (200, 300, 400) from 12.5 mM up to 100 mM. The concentration of PW?" was varied be-
tween 25 mM and 50 mM and the concentration of NaCl was kept constant at 100 mM. It has to
be mentioned that the PW? concentration was much below its solubility limit in water (> 900 mM).
As a general trend, crystal size decreases with increasing PEGx00 concentration and with increasing
x. For PEG200, millimeter size crystals with a hexagonal habitus were obtained. These crystals were
sufficiently large to be investigated by single crystal X-ray diffraction. The largest crystals were ob-
tained by using 50 mM PEG200, 50 mM PW? and 100 mM Nacl, see microscopy images in Figure
S11 and S12. The single crystal analysis reveals a monoclinic crystal system and a primitive lattice,
space group P2./c, with the parameters given in Table S1 in the SI. The asymmetric unit of the unit
cell consists of one PW? anion and three sodium cations entangled by two EO, oligomer chains (one
EOs and one EOQg), see Figure 4.7. Sodium cations counterbalance the charge of the PW? anion,
and almost all oxygens of polydental EO, oligomers coordinate Na*, see Figure 4.7 and Figure 4.8.
Four water molecules per asymmetric unit are incorporated into the crystal structure. The latter also
coordinate towards Na* and link two of the three Na* cations. Further detailed information on the
parameters of the single crystal structure analysis can be found in Table S1 and an IR characterization

of the compound can be found in Figure S.13.

(a)

(b)

Figure 4.7: (a) Asymmetric unit of the structure model of C;; Hss Nas Os; P Wi, represented with
displacement ellipsoids (probability factor 70%). Split positions are not shown in this representation.
(b) Packing of the elementary cell projected along [010]. For the sake of clarity, atoms are not dis-
played with displacement ellipsoids and hydrogen atoms connected to carbon are omitted.
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A powder diffraction pattern was calculated from the single crystal data and was compared to an
experimental pattern of the precipitate obtained by using 50 mM PEG200, 25 mM HsPW and 100
mM NaCl. Both powder patterns coincide almost perfectly in most of the reflections indicating that
the structure model obtained is representative for all crystals, see Figure S14.

Surprisingly, two oligomers, one EOs and one EQs, are embedded in the crystal structure. Hence,
salt addition promotes the selective precipitation of EOs-EOs from an aqueous PEG200 solution,
which is composed of a mixture of EO, oligomers with x ranging from 3-8 (see ESI-MS, SI). This
implies that EO, oligomers with x <5 and x > 6 remain in the mother liquor. The two oligomers, EOs
and EOg are almost perfectly ordered. Only one -CH,-O-CH, fragment of the EO¢ chain is disordered
and had to be refined with split positions in the structure model refinement (not shown in Figure
4.8 but indicated with a black circle). The EO¢ oligomer forms a nearly full helix around two Na*
ions. Na1 is fully buried in the EOs helix and is in an octahedral coordination of oxygen atoms from

a terminal oxygen of PW?*, two water molecules and three oxygen atoms of the EO¢ chain.

Figure 4.8: Representation of the coordination polyhedra of Na* (Na1: distorted octahedron, Na2:
distorted octahedron and Na3: distorted pentagonal bipyramide). The black circle marks the disor-
dered fragment of the EO¢ chain in the crystalline compound due to a long interatomic distance
d(044A-Na1) =2.77 A and d(044B-Na1) = 3.25 A, respectively. This fragment was refined with split
positions; only the major contribution is shown here.
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Note, that the disorder of the -CH,-O-CH, fragment may originate from the non-coordinating be-
haviour of 044 to Na1 due to a long interatomic distance d(O44A-Na1) = 2.77 A and d(044B-Na1)
= 3.25 A, respectively, for the two positions of 044). Na2 is coordinated by two oxygen atoms
stemming from the EO¢ chain, two water molecules and the terminal -OH functions of the EOs chain
resulting in a slightly distorted octahedral coordination. Na3 is fully buried in the EOs chain sur-
rounded by in total seven coordinating oxygen atoms, hence a distorted pentagonal bipyramidal
coordination. Note that the EOs chain is too short to form a full helix; it has a loop or U-shape
conformation.

EO, chains are well known to adopt a helical conformation in the solid state, which is usually referred
to as a 7/2 helix, as seven monomer units form two helical turns.!*¢4” Here, EQg is long enough to
adopt a helical conformation, as found previously in self-assembled monolayers.“® In the compound
under discussion, the presence of sodium in the helical structure produces a larger helix with 6-7
EO units required to form one full helical turn. The value of 3 EO units per sodium cation in the
complexes is very common in EO,-metal alkali complexes, for example with K*.“*'Here, 9 EO units
out of 11 which are available (EOs+ EOg), are involved in the complexation of the Na* cations. Hence,
two short EO oligomers are present in the crystal structure in order to provide about 3 EO units per
sodium ion. In PEG200, the concentration of EO, (or longer EO, oligomers), which would be long
enough to coordinate 3 sodium ions, is negligible. Therefore, it is not observed in the present crys-
tals. For the longer PEGs, PEG300/400, the powder patterns indicate the formation of a different
crystalline material, which likely contains EO, oligomers with x > 6, see Figure S15 and S16. This is
topic of ongoing investigations. Moreover, PEG300/400 produce smaller crystals as compared to
PEG200. This is expected for longer oligomers which have more conformational freedom and there-
fore prevent crystal growth. The helical structure of PEG was previously observed in isobutryic
acid/water mixtures, whereas only the coil conformation is formed in pure water."°

NMR investigations in water have shown that the internal EO units of EO, oligomers interact strongly
with PW?". This implies that the EO, oligomers adopt a loop or a U-shape conformation in the EO,-
PW?" nano-assemblies. The internal EO units coordinate towards the PW?" and the more hydrophilic
terminal EO units (-CH,-CH,-OH) coordinate towards the water phase. Compared to the nano-as-
semblies in water (NMR results), no interaction between CH, groups and PW? can be observed in
the crystal structure, which rather shows a strong complex between Na* and O atoms from the
PEGs. In aqueous phase, it is expected that EO, oligomers adsorbed at the PW?*" surface are still
highly flexible and have many degrees of freedom to change their conformation. The addition of
NaCl to the nano-assemblies promotes the crystallization. During this process, PEG chains must re-
arrange, as entropic and enthalpic contributions lead to the coordination of the PEG-oxygens to Na*
to counterbalance its electron deficiency in the final crystal. Therefore, it appears that the nano-

assemblies, formed at low concentrations in water, play the role of nuclei for the crystallization
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process once NaCl (Na*) is added. Therefore, the results presented herein strongly suggest that (i)
PW?3 - EOs/EQs - 3Na* crystals are in an equilibrium with nano-assemblies spontaneously preformed
in water and that (i) the addition of salt (here NaCl) promotes crystallization of PW*-EO, nano-

assemblies with a subtle reorganization of EO, chains from the liquid to the crystal.

4.4.5 The versatility of the “electrostatic screening method”

To show the versatility of the “electrostatic screening method” to construct POM-ethylene glycol
based hybrid materials, different POM/PEG composite materials were also synthesized by varying
the length of the EO, oligomeric mixtures (PEG200, PEG300, PEG400) and by using different salts,
i.e LiCl, NaCl, KCl. Therefore, a cooled (4 °C) solution (i) containing POM (c(POM) = 25 and 50 mM)
and the additional salt was mixed with a solution (i) containing PEGx00 (x = 2,3,4) and the additional
salt without stirring (all combinations were tried). The mixture was left for crystallization at 4 °C in
a dark refrigerator.

Precipitates (small crystals < 10 pm) were obtained for the following mixtures (final concentrations
are provided):

- 25 mM H3PW;,04 — 12.5 mM PEG300 — 100 mM LiCl
- 25 mM H3PW;,040 — 12.5 mM PEG400 — 100 mM LiCl
- 50 mM H3PW;,04 — 12.5 mM PEG300 — 100 mM LiCl
- 50 mM H3PW;,04 — 100 mM PEG300 — 100 mM LiCl
- 25 mM H3PM01,04 — 25 mM PEG300 - 100 mM LiCl
- 25 mM H3PM01;04 — 50 mM PEG300 — 100 mM LiCl
- 50 mM H3PM0:,04 — 12.5 mM PEG300 — 100 mM LiCl
- 50 mM H3PM01,04 — 25 mM PEG300 — 100 mM LiCl
- 50 mM H4SiW12040 — 6.25 mM PEG400 — 100 mM KClI
- 50 mM H3PW;;04 — 50 mM PEG400 - 6.25 mM KCl

- 25 mM H3PW;;VO4— 50 mM PEG400 — 100 mM Nacl

Only in case of 50 mM H3PW1,04 — 6.25 mM PEG400 - 6.25 mM KCl suitable crystals for a single
crystal analysis were obtained. It can be expected that it is possible to grow larger crystals suited
for a single crystal analysis from the mixtures provided above by changing the component ratio and
by optimizing the crystallization process (especially by variation of the salt, i.e. LiCl, NaCl, KCI con-

centration).
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4.4.6 PW? - EOq - K*— H' — H* composite crystals

Composite crystals consisting of PW? - EOy; - K* - H* - H* were prepared upon mixing a solution
containing 100 mM PEG400 - 6.25 mM KCl with a solution containing 100 mM HsPW and 6.25 mM
KCI. After three months in a dark refrigerator at 4 °C, only three crystals were obtained. A suitable
crystal was selected and measured on a single source Cu K, (A = 1.54184 A) SuperNova diffractom-
eter equipped with an Atlas detector. The crystal was kept at 123(1) K during data collection. The
CrysAlisPro 1.171.39.37b"®" software was used for data reduction and a numerical absorption cor-
rection based on gaussian integration over a multifaceted crystal model was performed. Using the
Olex2 graphical user interface,? the structure was solved with the ShelXT®® structure solution pro-
gram using Intrinsic Phasing and refined with the ShelXL®¥ refinement package using Least Squares
minimisation. The single crystal analysis reveals a triclinic crystal system, space group P-1 (space
group no. 2) with the following parameters: a = 11.7384(2) A, b = 16.0179(3) A, c = 16.5804(3) A,
a =92.64(1)°, 8 =95.34(2)°, y =90.47(2)° and V = 3100.4(1) A3, Further parameters are provided
in Table 4.1.

The structure model consists of one PW? anion, one potassium cation entangled by one EO+; oligo-
mer chain and six crystal water molecules, see Figure 4.9. Note that the three-fold negative charge
of PW?" cannot be counterbalanced by one K*. Therefore, it is assumed that two further H* cations
are incorporated in the structure model whose exact atomic positions cannot be resolved in this

single crystal X-ray experiment as their electronic contrast is too weak for X-rays.
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Table 4.1: Crystallographic data for PW? - EOy; - K* - H* - H* - 6 H,O hybrid crystals. Crystal water
molecules are renounced in the crystal name hereafter.

PW?3 - EOqq - K* - H* - H* - 6 H,0 hybrid crystals

Sum formula
Molecular weight / g mol™
Crystal habit

Crystal dimensions / mm?

" C2 Hsg K Osg P Wiy
3526.95

colourless block

0.087 x 0.044 x 0.042

Crystal system triclinic

Space group P-1

alh 11.7384(2)

b/A 16.0179(3)

c/A 16.5804(3)

al® 92.64(1)

8/° 95.34(2)

y/° 90.47(2)

VA 3100.4(1)

Z 2

d/gcm? 3.778

F(000) 3152

u/ mm?’ 41.835

Absorption correction gaussian
Diffractometer SuperNova

Radiation CuKa(A=1.54184 A)
T/K 123(1)

Index ranges -14<h<14;-20<k<20;-20</< 20
Reflections collected 58271

Independent reflections 12851 [Rint= 0.0605, R, = 0.0386]
Data/restraints/parameter 12854/0/867

Final R indices [I = 20(l)]
Final R indices

GooF

difference peak / hole (e A”)

R1=0.0383, wR>=0.0976
R;=0.0425, wR,=0.1007
1.047

2.23/-3.90
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(a)

Figure 4.9: (a) Structure model of PW?* - EOy; - K* - H* - H* hybrid crystals and (b) packing of four
structure model units represented with displacement ellipsoids (probability factor 50%) and coordi-
nation polyhedra around K*, W® and P**.

PW? forms distorted close packed layers (2D) with an A - B - A - B sequence, see Figure 4.10.
Note that layers A and B do not form a hexagonal dense packing as PW?  anions from layers A and
B superimpose (eclipsed arrangement). K* cations (and H* cations) including the EO;; chain (not
shown in Figure 4.10) (i) act as spacer between layers of PW?* and (ii) lead to a distortion of the

close packed layer of PW?.
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A

Figure 4.10: Distorted close packed layers of PW? (only represented by the orange central phos-
phorous atoms of PW? and potassium cations (violet) in between. For the sake of clarity EO1; chains
and crystal water molecules are omitted in this image.

The EOy; chain forms a double helix. Five oxygens of the polydental EO;; oligomer coordinate to-
wards K+ with distances ranging between 2.35(1) A - 2.70(1) A, see Figure 4.9. Two of six water
molecules also coordinate towards K* resulting in a pentagonal bipyramidal coordination around K*.
This coordination can be compared to the distorted pentagonal bipyramidal coordination of Na3 in
PW?3 - EOs/EOs - 3Na crystals, see section 4.4.4. Interestingly, EOy; is incorporated in PW? - EOy; -
K* - H* - H* hybrid crystals - exactly the sum of EOs and EOs as incorporated in PW? - EOs/EO¢ - 3Na*
crystals. As a rough estimation the volume of the 7/2 helix of EOs/EOs in PW? - EOs/EOQ¢ - 3Na*
crystals and of the double helix of EOyq in PW? — EOy - K* - H* - H* crystals is similar to the volume
of the PW? unit. The lower symmetry (P-1 space group in case of PW? - EQy; - K* - H* - H* crystals
compared to P2:/c space group in case of PW? - EOs/EQs - 3Na* crystals) may be explained by a
different orientation of the EOy; chain which cannot be arranged in a “stretch conformation” as it
is the case for a fragmented EO;; segment, i.e. EOs and EOe. Note that five EO, repeating motifs are
needed to make a full turn of the helix around K*, whereas in case of PW? - EOs/EQ¢ - 3Na* crystals

in average only three EO, repeating motifs coordinated Na* observed.
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As only EOq; is selectively incorporated in the crystal from a polydisperse PEG400 mixture we con-

clude that EO,oligomers with x < 11 and x > 11 remain in the mother liquor.

4.5 Conclusion

It is shown here that the adsorption of POMs on polar surfaces, e.g. surfaces covered by EO moie-
ties, does not occur due to a surface effect but it can be generalized to aqueous bulk solutions.
Therefore, EO,oligomers do not have to be located at an interface to promote adsorption of POMs.
Scattering techniques (SAXS, SANS) provided a clear evidence of this adsorption in bulk solution
whereas NMR informs on the essential role of the internal EO units in the adsorption process. Nano-
assemblies consisting of POMs coordinated by loop shaped EO, oligomers form spontaneously in
water by simple mixing of the components. The attractive interactions between PW?- and EO, oligo-
mers were found to be stronger by increasing the EO, length, i.e. EO, with x > 4, suggesting that
multipolar interactions between internal EO units and POM may be at the origin of the self-assembly
process.

The screening of the electrostatic repulsions between EO,-PW?" nano-assemblies promotes the for-
mation of a crystalline material. The loop conformation of EO, at the POM surface seems to act as
a nucleus of the EOy helix/loop conformation found in the crystal. Therefore, EO,-PW?" nano-assem-
blies can be considered as nano-building blocks for the formation of POM-hybrid crystalline materi-
als. Moreover, the structure model obtained for PW? - EOs/EQs - 3Na* crystals indicates that two
oligomers with well-defined length, EOs and EQs, are involved per PW?. This opens an interesting
way for separating oligomers with different polymerization degrees with a high selectively.

The methodology developed here, which is based on the electrostatic screening between pre-
formed organic-inorganic EO,-PW? nano-assemblies, can be extended to other kind of water soluble
oligomers that interact with POMs in solution as shown for composite materials consisting of PW?*
— EOy; - K" - H* - H, i.e. different (mixed) cations, different EO, chain lengths and different number
of ethylene glycol chains (EOs/EQs vs. EO11). For example, POMs, PW?" and silicotungstate (Siw?),
have been found previously to also interact with sugar moieties by adsorbing at surfaces (water-
micelle or water-air surfaces) covered by sugar based surfactants.’?® Such a general strategy to build
hybrid materials which is based on a self-assembly approach in water has the advantages to avoid
(i) the time consuming multi-step synthesis of organic-inorganic POM building blocks as well as (ii)
the use of toxic polar solvents, such as acetonitrile or DMSO typically employed to dissolve both
POMs and organic building blocks. However, the procedure here only requires that the POM is
chemically stable in water. The rational design of new POM hybrid (crystalline) materials with a
simple mixing procedure of the components, as exemplified here with EO, oligomers and PW?,
implies a deep understanding of the molecular interactions leading to the formation of the POM-

oligomer nano-assemblies.
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This very mild synthesis route developed here opens the possibility to build a whole new class of

POM composite materials, which may be interesting for their applications in material science, such

as ion or proton conducting materials, electrode based materials, photo-responsive hybrid crystals

as well as in catalysis and separation science to selectively precipitate ethylene glycol oligomers with

a given number of repeating units from a polydisperse PEG mixture.
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5 Single crystal to single crystal transformation in a POM based

composite crystal

5.1 Preface and Abstract

Several people contributed to the work in this chapter:
- Philipp Schmid and Franziska Kamm contributed with experimental work during a Bachelor
thesis.
- Maximilian Réhrl and Simon Stemplinger contributed with experimental work during a re-
search internship.
- Dr. Olivier Diat, Dr. Pierre Bauduin and Prof. Dr. Arno Pfitzner contributed with fruitful dis-

cussions and supervised the experimental work.

Abstract: Polyoxometalate-ethylene glycol composite crystals are prepared by the electrostatic
screening method upon mixing HsPMo1,040, polydisperse polyethylene glycol 200 (PEG200) and
NaCl at ambient conditions. The compound crystallizes in the monoclinic space group P2:/c with
the following parameters: a = 20.971(5) A, b =12.365(1) A, ¢ = 32.472(6) A, V = 6081(3) A3, 8 =
133.76°. The structure model consists of one PMo01,040* anion and two ethylene glycol oligomers
with exactly five and six repeating units (EOs and EOe) although PEG200 is a mixture of EOss. Both,
EOs and EO¢ have different functionality and coordinate three sodium cations. Upon irradiation of
the crystals with visible light, the PMo01,04* photocatalyst induces selectively the oxidation of only
one terminal hydroxyl function -CH,-OH of EOs to the corresponding aldehyde -CH=0 (out of four
available -CH,-OH hydroxyl groups). During this process, (i) the crystal colour changes from clear
yellowish to black due to the formation of the well-known heteropolyblue-polyoxometalate and (ii)

the lattice volume decreases continuously.

5.2 Introduction

Single-crystal-to-single-crystal (SCSC) transformations, i.e. chemical transformations in the solid-
state, are intriguing phenomena as in some cases they enable the synthesis of otherwise inaccessible
products.!"? Additionally, the absence of a solvent can have a positive effect on efficiency and selec-
tivity compared to solution reactions. SCSC transformations can be triggered by different stimuli,
e.g. temperature changes,? solvent effects,®ion exchange,“irradiation,® the exposition to a gas,"”
mechanochemical forces,® or a combination of these.”!If a SCSC transformation results in a change

of the crystal colour, it is of additional interest as this might result in an application in sensor tech-



Single crystal to single crystal transformation in a POM based composite crystal 60

nology."™ Reversible SCSC transformations enable further applications, e.g. photo switches and op-
tical data storage."" Most SCSC transformations are observed in metal-organic frameworks (MOFs)
or coordination polymers.'? Generally, chemical transformations at a molecular level are less com-
mon as a specific molecular arrangement and a close proximity of the reactants is necessary for a
SCSC. For hybrid compounds containing polyoxometalates (POMs), only few cases of SCSC trans-
formation have been described*'¥ although the unique structural and electronic versatility of POMs
- nanometer sized molecular metal-oxide clusters’ - leads to a vast field of applications of POMs in
aqueous solution or biological media, e.g. medicine,"® biology,""” as photocatalytic active oxi-
dants,["®2% etc. Parallel to this application of POMs solubilized in aqueous solutions, an exhaustive
number of findings deal with POM-based materials with magnetic and conducting properties.?'-??
The field of POM-organic hybrids emerged with the goal to build composite materials displaying
characteristics between the two original phases or even new properties. 2223

Only recently, our group reported a new approach to design POM-organic composite materials: the
entropically driven electrostatic screening approach.?¥ Therein, the super-chaotropic properties of
POM s lead to their adsorption on neutral polar molecules or interfaces in aqueous solution to form
soluble POM-organic nano-assemblies in bulk water.?*?! Screening of repulsive interactions be-
tween the PW;,04> (PW?)-organic nano-assemblies upon the addition of excess salt, e.g. NaCl,
leads to the formation of crystalline composite materials of these nano-assemblies: in case of
PW1,040> - EOs/EQ¢ - 3Na* composite crystals,'?? two ethylene glycol (EO,) oligomers HO-(CH,-CH,-
O)x-OH (x = 5 and 6) wrap around three sodium cations. Note that in single crystals of PW,040> -
EOs/EO¢ - 3Na*, this organic EOs/EOs chains are neither covalently nor electrostatically bound to
PW1,045% .24

The scope of the present work is to investigate if such composite materials synthesized by the
method above, called here the “electrostatic screening method” can act as novel functional or stim-
uli (light, temperature) responsive materials since the organic ethylene glycol moiety and the POM
are not linked covalently or electrostatically and as POMs are well-known (photo-)redox active cat-
alysts.l'>1820 Therefore, we have chosen HsPMo01,040 (HsPMo) instead of HsPW;,040 (HsPW) as a
POM building block since PM01,040* (PMo*) absorbs visible light whereas PW? is only UV-active.
Thus, the potential application as a visible light responsive material shall be addressed.["*!

Hence, we report here (j) the interaction of the HsPMo1,040 Keggin-type POM with EO, in aqueous
solution by means of "H-nuclear magnetic resonance spectroscopy ('H-NMR).?¥ Furthermore, we (i)
characterize PM01,040*- EOs/EQ¢ - 3Na* hybrid crystals obtained by the electrostatic screening
method by single crystal X-ray analysis and we (iij) show that PMo01,045*- EOs/EOs - 3Na* hybrid

crystals are visible light responsive materials.
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5.3 Experimental

Materials. Phosphomolybdic acid hydrate (H;PMo01,04 - 14 H,O, HsPMo, MW = 2077 g/mol,
99.99% purity), sodium chloride (NaCl, 99.5%), and PEG200 was purchased from Sigma Aldrich.
PEG200 means that the average molecular weight of PEG is 200 g/mol, therefore having an average
in the size distribution at 4 EO units. This is due to the fact, that PEG polymers consist of mixtures
with a distribution of the number of the EO units, for example PEG200 is composed of a mixture of
EO, = 3, 4, 5, 6 EO units. Milli-Q water with a conductivity lower than 10.5 mS/cm and a total
organic carbon content of maximal 400 ppb was used.

Sample preparation. Crystals were prepared by the following protocol: an aqueous solution con-
taining 100 mM PEG200 and 100 mM Nacl (solution 1) was cooled down to 4 °C in the refrigerator.
A second aqueous solution containing HsPMo and 100 mM Nacl (solution 2) was also cooled down
to 4 °C. Solution 2 was poured gently to solution 1 without stirring and left in the refrigerator for 3
days. The formation of crystals was checked by a microscopic investigation.

NMR. NMR spectra were recorded at room temperature using a Bruker Avance400 (400 MHz for
'H) NMR spectrometer. All chemical shifts are given in é-scale as parts per million [ppm] (multiplicity,
coupling constant J, number of protons) relative to the solvent residual peak (D,0O) as the internal
standard.

EPR spectroscopy. X-band EPR measurements were carried out on a MiniScope MS400 device
(Magnettech GmbH) equipped with a rectangular TE102 resonator at a frequency of 9.5 GHz. Spec-
tra were only analysed qualitatively.

IR spectroscopy. IR spectra were recorded on a Varian 670-IR spectrometer with an integrated
ATR-unit (Pike Technologies, GladiATR) from 350 cm™ - 4000 cm™™. The Varian Resolutions Pro soft-
ware was used for data processing.

Single-crystal X-ray diffraction. Diffraction data of suitable single-crystals were collected on a
Rigaku Supernova using either Mo-K, radiation (A =0.71073 A) or Cu-K, radiation (A = 1.54184 A).
The diffraction data were corrected for Lorentz- and polarization effects. The CrysAlisPro
1.171.39.37b (Rigaku Oxford Diffraction, 2017) software'®® was used for data reduction and a nu-
merical absorption correction based on gaussian integration over a multifaceted crystal model was
performed. The crystal structure was solved with the ShelXT®?” structure solution program using
Intrinsic Phasing, and subsequently refined with the ShelXL??® refinement package using Least
Squares minimization both embedded in the Olex2 surface.” All non-hydrogen atoms were refined
with anisotropic displacement parameters; hydrogen atoms were introduced and refined by a riding
model without restraints.

Powder X-Ray diffraction. Powder X-ray diffraction measurements were carried out with a STOE

Stadi P diffractometer with monochromatic Cu-Ky; radiation (A = 1.540598 A, Germanium mono-
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chromator, Mythen 1K detector). The powdered sample was measured at room temperature be-
tween two mylar foils in a 26 range from 2 to 90°. The WinXPow software (pattern fitting) was

used to process the data.k”

5.4 Results and Discussion

A concentration of 50 mM PEG200 in aqueous media of HsPMo provides clear yellowish isotropic
solutions at any proportion without the formation of any precipitate visible at the macroscopic level
as in case of aqueous mixtures of HsPW1,040 and PEG200.24

NMR. As the interaction between PW?  and oligomeric EO, could be monitored with 'H-NMR, ¥ "H-
NMR experiments were also performed to probe the electronic change in environment of the EO,
oligomers upon adsorption to PMo*. '"H-NMR spectra of 100 mM PEG200 solutions in D,O were
collected for different H;PMo concentrations (0, 20, 50, 100 mM), see Figure 5.1.

*

100 mM PMo*>

50 mM PMo3*>

20 mM PMo?*

0 mM PMo?*

LA L B L |
3.60 3.55 3.50 3.45

o/ ppm

Figure 5.1: NMR resonance signals of 100 mM PEG200 in the presence of 0, 25, 50, and 100 mM
PMo?* (from bottom to top). The stars indicate the shift and splitting of the resonance signals stem-
ming from the inner protons upon the addition of H;PMo. Note that the spectra are normalized to
the highest intensity.
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The spectrum of pure PEG200 (PEG200 - 0 mM PMo?) depicts three resonance signals: a multiplet
from 3.45 to 3.48 ppm, a multiplet from 3.53 to 3.57 ppm and a sharp singlet at 3.53 ppm (marked
with a star *) which overlap. Therefore, a separate integration of the resonance signals is more or
less impossible. By considering EO4 (CsOsH1s) to be the main component of PEG200, hydrogen atoms
can be assigned by using Shoolery’s rules.®" The multiplet at 3.53 to 3.57 ppm overlapping with
the large singlet at 3.53 ppm is assigned to the -CH,-CH.-OH (brown). The large singlet is assigned
to the chemically and magnetically equivalent inner -O-CH,-CH,-O- groups (blue) and the multiplet
from 3.45 to 3.48 ppm is assigned to the methylene group -CH,-CH,-OH (black). Upon the addition
of HsPMo, the splitting of the multiplet from 3.45 ppm to 3.48 ppm remains almost unchanged,
except from the general chemical deep-field shift of the multiplet for all spectra and a slight change
in the coupling constants. The presence of higher concentrations of HsPMo (50 and 100 mM Hs;PMo)
leads to a decreasing intensity of the singlet. In addition, a doublet which increases in intensity with
increasing HsPMo concentration emerges (marked with two stars). Hence, only the singlet corre-
sponding to the inner hydrogen atoms significantly shifts to the deeper field upon addition of
HsPMo. In an aqueous environment internal EO units coordinate towards PMo?" but the more hy-
drophilic terminal EO units (-CH,-CH,-OH) are not affected by the presence of PMo*". This conclusion
is further supported by the fact that the same splitting and shift of the resonance signals was already
observed for PEG200 upon addition of HsPW. Note that the absolute shift of the resonance signals
of PEG200 upon the addition of HsPW is larger than in case of HsPMo. Hence, the adsorption of
EO, to PW? is stronger compared to the adsorption of EO, to PMo* due to the larger polarizability
of PW? as already shown. 2432

From nano-assemblies in water to crystal formation by screening of electrostatic repulsion.
NMR results provide clear evidence that PMo* interacts with EO, oligomers in aqueous solution to
yield PMo*-EO, nano-assemblies. In case of the interaction of PW?" with PEG200 it was found that
at concentrations of 50 mM PEG200 and 25 mM PW?, two EO, chains adsorb to one PW? anion.
NMR measurements suggest that these EO, chains adopt a loop shaped conformation. Therein the
terminal -OH groups of ethylene glycol remain hydrated and do not interact with PW?>"24 Screening
of repulsive interactions between EO, - PW? - EO, nano-assemblies upon the addition of 100 mM
NaCl led to the formation of hybrid crystals containing PW1,040> - EOs/EQs - 3Na*.?¥ Hence, the
electrostatic screening method is also used here to synthesize transparent, yellow PM0:,045° -
EOs/EQ¢ - 3Na* hybrid crystals. PM01,040> - EOs/EQ¢ - 3Na* hybrid crystals are stable in aqueous
solution but decompose in dry air.

The crystal colour changes from bright yellow to greenish/black upon irradiation of the crystals with
(i) sunlight, (i) X-rays or by using (i) a 455 nm 3 W LED, see Figure 5.3(d). A closer inspection of

such greenish/black crystals after some time of irradiation showed that only the top-most surface
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layer of the crystal was affected by the crystal colour change from yellow to greenish/black, but the
crystal core was still yellow. However, this phenomenon is still under investigation.

To investigate the origin of this colour change on a molecular level, a bright yellow single crystal
was investigated by means of single-crystal X-ray diffraction. During irradiation of bright yellow
crystals with Cu-K, X-rays, the colour change from bright yellow to greenish/black proceeded even
faster than in case of irradiation with sunlight. Upon irradiation with Mo-K, X-rays, the colour
change from bright yellow to greenish/black proceeded much slower as compared to irradiation
with sunlight or Cu-K, X-rays. Hence, a suitable yellow crystal was selected and diffraction intensities
were collected on a single source SuperNova diffractometer with Mo-K, radiation. PM012040> -
EOs/EQs - 3Na* hybrid crystals crystallize in the monoclinic space group P2./c with a = 20.980(4) A,
b =12.361(1) A, c=32.472(5) A, 8=133.78(3) and V = 6081(3) A>. Further parameters are given
in Table 5.1(a). Note that crystal water molecules are renounced in the crystal name of PM01,040*

- EOs/EQs - 3Na* - 4 H,0 hybrid crystals hereafter.



Single crystal to single crystal transformation in a POM based composite crystal

65

Table 5.1: Crystallographic Data for PM012040* - EOs/EQ¢ - 3Na* - 4 H,O hybrid crystals. (a), (b), (c)

correspond to different crystals from the same batch.

(a)

PMo01,040> - EOs/EQ¢ -
3Na* - 4 H,O

(b)

PMo012040> - EOs/EQ6 -
3Na* - 4 H.0

(©

PM012040% - EOs/EQs -
3Na* - 4 H.O (after 106.4
hours of irradiation)

Sum formula

Molecular weight

Crystal habit at the end
of data collection
Crystal dimensions /
mm?3

Crystal system
Space group
alhA

b/A

c/A

B/°

v/ A

Z

p/gcm?3
F(000)

g/ mm’?
Absorption corrections
Diffractometer
X-ray source
AlA

T/K

Index ranges

Reflections collected

Independent reflec-
tions
Data/restraints/param-
eters

Goodness-of-fit on F?
R indices [I = 20 ()]

R indices [all data]
Completeness / %
Largest diff. peak/hole
/A3
2(C11-C12-047)/°
d(C12-047)/ A

(22 Hsa Naz Os7 P Mo12 *

2481.87

Yellowish/slightly green
block

0.487 x 0.222 x 0.147

20.980(4)
12.361(1)
32.472(5)
133.78(3)
6081(3)
4
2.711

4776
2.559

Mo-Ka

0.71073

110(3)*

221<h<14,-13<k< 11,

-33</<27

13464

5860; [Rint = 0.0698,
Rsigma = 0.1140]

5862/0/392

1.076
R1=0.1012, wR>=0.2190
R1=0.1490, wR, =0.2619

58

3.04/-2.16

103(6)
1.56(9)

Ca2HsaNa3 Os7 P Mon; *

2481.87
Greenish/blue block

0.232x0.181 x 0.116

monoclinic
P21/c
20.972(1)
12.366(1)
32.417(1)
133.79(1)
6069.3(6)
4

2.716

4776
2.564
numerical
Rigaku Supernova
Mo-Ka
0.71073
123(1)
-27<h<26,-16<k< 16,
41 </<44
40415

14151 [Rint = 0.0337,
Rsigma = 00385]

14151/0/1014

1.067
R1=10.0365, wR, = 0.0841
R1=0.0446, wR, = 0.0886

87

1.51/-1.23

121.9(8)
1.236(10)

C22 Hsz Naz Os7 P Mo *

2479.85
Deeply blueish/black block

0.335x0.278 x 0.205

20.877(1)
12.304(1)
32.492 (2)
133.679(1)
6036.2(10)
4
2.729

4768
21.327

Cu-Ka
1.54184
128(8)
-20<h<25,-12<k< 15,
-40</<34
38435
12023 [Rit = 0.0879,
Rsigma= 0.0616]

12023/0/868
1.307
R1=0.1017, wR> =0.2942

R1=0.1055, wR, =0.3005
97

4.53/-2.10

117(3)
1.34(4)

* The number of H-atoms changes during the oxidation process which is not reflected in the sum formula since it
was in not possible to introduce H-atoms to the bridging oxygen between Na1 and Na2 (O2W) with a riding
model in measurements provided in Table 5.1(a) and Table 5.1(c).

# Note that the temperature was adjusted at 110 K (compared to 123 K for the measurements provided in Table

5.1(b) and (c)) to slow down the SCSC. In case of Table 5.1(c) the measurement was also started at 123 K.



Single crystal to single crystal transformation in a POM based composite crystal 66

Figure 5.2: (a) Structure model of C;; Hse Nas Os; P Mos, with the anionic PMo* unit and the
cationic EOs-EOs-3Na* unit. Split positions are not shown in this representation. (b) Distorted close
packed layers of PMo* (represented by the orange central phosphorous atoms of PMo?) and Na*
cations (violet) in between. (c) Chains of Na* cations between distorted close packed layers of PMo*
projected along [100]. For the sake of clarity, the EOs/EOs chains are omitted in (b) and (c) and Na*
cations are only displayed for specific layers in (b) and (c).

The structure model consists of one PMo® anion and three sodium cations entangled by a EOs and
a EOs oligomer, see Figure 5.2(a). Anionic PMo® anions form distorted close packed layers with an
A - B - A - B sequence as shown in Figure 5.2(b). Anionic PMo?* anions also form distorted close
packed layers along the representation as shown in Figure 5.2(c). Na* cations (violet) intercalate in
between these distorted close packed layers and form chains see Figure 5.2(c). Four water mole-
cules per structure model are incorporated into the crystal structure. The latter coordinate towards
Na* and connect Na1 and Na2. Polydentate EOs/EOs oligomers wrap around three Na* cations

providing the following coordination polyhedra around Na* cations: Na1 distorted octahedron, Na2
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distorted octahedron, and Na3 distorted pentagonal bipyramid. Note that the compound under
discussion is isotypic to PW;2040> - EOs/EQ¢ - 3Na*, see section 4.4.4 and the unit cell volumes are
also almost identical, i.e. V(PM01,04® - EOs/EQs - 3Na*) = 6081(3) A® and V(PW1,040> - EOs/EQs -
3Na*) = 6073.6(6) A*.24

Since the compound PMo01,040> - EOs/EOs - 3Na* is isotypic to PW1,04* - EOs/EQs - 3Na*, a more
detailed description of the crystal structure is renounced here but can be found elsewhere.’?* Note
that the structure model could not be refined anisotropically as the data quality for this measure-

ment was bad due to a very short measurement (20 min).

Photo-induced oxidation reaction. During a longer single-crystal X-ray diffraction experiment on
a yellow PMo01,040> - EOs/EQs - 3Na* crystal a successive crystal colour change with increasing Mo-
K. X-ray irradiation exposition time was observed: the crystal colour changes from transparent yel-
low to greenish/blue and the lattice parameters of the unit cell a, b, ¢ and the unit cell volume V
decrease, see Table 5.1(b). The single crystal structure analysis revealed that the structure model is
nearly identical to the measurement provided in Table 5.1(a), but a special feature is met at the
C70 - C71 - 066 fragment, see Figure 5.3(a) - (c). The angle £(C70 - C71 - 066) = 122(1)°, implies
a trigonal planar geometry at C71 for the measurement provided in Table 5.1(b) compared to a
distorted tetrahedral geometry for the measurement provided in Table 5.1(a) £(C70 - C71 - O66)
= 103(8) °. The distance, d(C71 - 066) = 1.24(1) A is significantly shorter compared to the measure-
ment provided in Table 5.1(a) where d(C71 - 066) = 1.56(12) A. The atomic positions of the C71 -
066 fragment and the whole PMo* also change slightly. The refinement of a hydrogen atom to
066 (to yield a hydroxyl group) and the refinement of a second hydrogen atom at C71 was not
possible for the measurement provided in Table 5.1(b) (the refinement did not converge after sev-

eral refinement cycles).
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(a) (b) ()

¢ : —
. p . hv = 455 nm
c70 —»?/.%S c71 C70 — — 71
27 > 066 ~ 066
‘ «— Na2 @® <—Na2
£(C70-C71-066) = 103(8)° £(C70-C71-066) = 122(1)°
d(C71-066) = 1.56(12) A d(C71-066) = 1.24(1) A
d(066-Na2) = 2.43(8) A d(066-Na2) = 2.38(2) A
t=72h t=6d

Figure 5.3: (a) Zig-zag alignment of PMo* and EOs/EO«/3Na units in PM01,040> — EOs/EQs — 3Na*
hybrid crystals; (b) arrangement of a terminal -O-CH,-CH.-OH chain before the oxidation of C71; ()
after oxidation of C71. (d) Successive change of the crystal colour upon irradiation with a 455 nm
LED lamp.

The decrease of the unit cell volume. Irradiation of the crystal for a longer time with softer Cu-
Ko X-ray irradiation leads to an even faster crystal colour change from yellow to greenish black with
increasing Cu-K, X-ray irradiation exposition time, see Figure 5.4(a). Hence, one single crystal was
irradiated with Cu-K, X-ray irradiation for in total 112.2 hours. The unit cell volume decreases more
or less continuously from V(PMo1,045> - EOs/EQs - 3Na*) = 6081(3) A% to V(PM01,040> - EOs/EQs -
3Na*) = 6014.3(6) A> (approximately 1 %), see Figure 5.4(b). The unit cell parameters a and b
account mainly for the decrease of unit cell volume (20.980(4) A > a > 20.854(1) A; 12.361(1) A >
b > 12.274(1) A) since the C71-066 bond is also located along unit cell parameter a and the slight
rearrangement of the C70-C71-066 fragment occurs along unit cell parameter b. The unit cell pa-
rameter ¢ (32.504(2) A > ¢ > 32.444(2) A) decreases less compared to a and b as no rearrangement
occurs along unit cell axis c. Note that even after irradiating the single crystal for 112.2 hours with
Cu-K, X-ray irradiation no constant cell volume was reached. Nevertheless, the structure model for
a single crystal X-ray experiment after 106.2 hours of irradiation (for refinement parameters see
Table 5.1(c)) is identical to the structure model of the measurement provided in Table 5.1(b).
Hence, longer irradiation with Cu-K, X-rays to yield the completely oxidized crystal was renounced

for time issues as it would only allow to access the final unit cell volume. Note that it is not possible
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to refine hydrogen atoms to O2W (bridging oxygen between Na1 and Na2, see Figure 5.4(c)) for

measurements provided in Table 5.1(a) and (c) as the refinement process does not converge.

t=112.2 h
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Figure 5.4: (a) Successive change of the crystal colour upon irradiation with a Cu-K, X-ray radiation
(A=1.54184 A). (b) Decrease of the unit cell parameters and unit cell volume of PM01,040* - EOs/EQs
- 3Na* hybrid crystals as a function of Cu-K, X-ray irradiation. Note that the standard deviation for
a, b, c and V lies within the black points. The unit cell parameters obtained from the single-crystal
X-ray measurements presented in Table 5.1(a) and (b) and a further measurement with Mo-K, X-
ray radiation at 123 K are also included in this graph (red circles). Note that the y-scaling of all three
cell parameters, a, b, , is equidistant (plotted for Ay(a, b, ¢) =0.16 A) to highlight the main decrease
of the unit cell parameter a. (c) Excerpt of the structure model projected along [001] demonstrating
that the decrease of the unit cell volume occurs along the unit cell axis a.

Comparison of a calculated powder pattern of the structure model with a measured pow-
der pattern. A powder diffraction pattern was calculated from the structure model of the single
crystal analysis in Table 5.1(b) and was compared to an experimental powder X-ray diffraction

pattern of the precipitate obtained by using 50 mM PEG200, 25 mM HsPMo and 100 mM Nacl, see
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Figure 5.5. The precipitate again turned black during the powder X-ray diffraction measurement
with Cu-Ky; X-ray irradiation. Note that the measured powder pattern could not be indexed and
refined. Nevertheless, both diffractograms coincide in most of the reflections but many reflections
do not coincide indicating that either (i) the structure model is not representative for all crystals or
(i) the cell parameters change upon irradiation of the crystals with X-rays. Case (i) can be safely
neglected as PM01,040> - EOs/EOs - 3Na* hybrid crystals crystallise isotypic to PW1,040* - EOs/EQs -
3Na* hybrid crystals. In case of PW;,04 - EOs/EQg - 3Na* hybrid crystals a powder diffraction pat-
tern was calculated from the single crystal data and was compared to an experimental pattern of a
precipitate formed by 50 mM PEG200, 25 mM HsPW and 100 mM NacCl (note that these are almost
the same experimental conditions as for the preparation of PM012040> - EOs/EQs - 3Na* hybrid crys-
tals). Those diffractograms were shown to coincide almost perfectly in most of the reflections indi-
cating that the structure model obtained from single crystal analysis was representative.?¥! As single
crystal X-ray experiments have already shown that the lattice parameters change continuously upon
irradiation with X-rays (and the precipitate also turned greenish black during the powder X-ray dif-
fraction experiment) and the atomic position of the C70-C71-066 fragment changes, case (i) can
explain why the calculated theoretical powder pattern and the measured powder pattern do not

coincide perfectly.
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Figure 5.5: Powder diffraction pattern of a PM01,040> - EOs/EOs - 3Na* powder (top) measured at
room temperature with a Cu-Ky radiation (30 min) and a calculated pattern from the structure
model (bottom) of the measurement provided in Table 5.1(b).

Infrared Spectroscopy (IR). As the angle £(C70 - C71 - 066) = 122(1)° implies a trigonal planar
geometry at C71 with d(C71 - 066) = 1.24(1) A - a typical bond length of a C=O double bond?? -

the presence of an aldehyde functional group should also be confirmed by IR spectroscopy. Hence,
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some crystals were irradiated for three months with a 50 W halogen light bulb (manufacturer:
OSRAM) to induce the oxidation reaction at C71 with UV-VIS light. In Figure 5.6, IR spectra of
yellow, non-irradiated crystals are compared to IR spectra of deeply greenish/black crystals. In both
spectra, absorptions stemming from O-H modes (stretching v and bending 6 modes) of hydroxyl
groups of EOs/EQ¢ and of crystal water molecules can be seen from 4000 - 3000 cm™. Absorptions
stemming from C-H modes (stretching v and bending 6 modes) of the EO, chains and O-H modes
(bending & of H,0) are located from 1600-1200 cm™. Absorptions stemming from Mo-oxygen skel-
etal modes typical for a Keggin ion are located from 1150-650 cm™: 1070-1060 cm™ (v(P-O)), 980-
965 cm™ (v(Mo=0)), 900-870 and 850-700 cm™ (v(Mo-O-Mo0)).24 At 1712 cm™ a small absorption
emerges (blue circle in Figure 5.6) for irradiated black crystals corresponding to the C=0 stretch
vibration of an aldehyde. Note that a free carbonyl group shows an absorption at 1750 cm™: the
absorption from the compound under discussion is red-shifted compared to a free carbonyl group
as the coordination of the carbonyl group to Na2 should lead to a weakening of the carbonyl
bond.B*! The low intensity of the absorption corresponding to the C=0 stretch vibration may be

deduced to the low overall concentration of the aldehyde in the crystal.
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Figure 5.6: Normalized IR spectra PM01,04> - EOs/EOs - 3Na* hybrid crystals before 3 months
treatment with 50 W halogen light bulb (yellow), and after the LED treatment (black). Note that the
black curve represents a normalized IR spectrum of only few crystals (the transmission from 2000 —
2500 cm™ is very low due to a weak detector response).

Electron spin resonance (ESR). ESR spectra were recorded for yellow pristine crystals and deeply
black partially oxidised crystals (crystals were irradiated for three months with a 50 Watt halogen
light bulb) to (i) distinguish if POMs are present in a one-electron or in a two-electron reduced

species!™ and (ij) to confirm the reduction product, i.e. photo-reduced PMo* or PMo*’, respectively,
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see Figure 5.7. The ESR signal of solid yellow pristine crystals is not completely flat but rather shows
several small oscillations. The ESR signal of solid black oxidised crystals also shows these weak os-
cillations but additionally a very strong oscillation (g-factor = 1.9498) indicating the presence of
unpaired electrons in black PM012040* - EOs/EOs - 3Na* hybrid crystals. The g-factor of 1.9498 indi-
cates that unpaired electrons are not centred on the organic ethylene glycol moiety but on an inor-
ganic moiety indicating the reduction of Mo® to Mo**.5¢

Mo** is known to produce a very strong absorption band in ESR and six weak absorption bands due
to hyperfine coupling.®™ Furthermore, this resonance signal is not symmetrical and either suggests
(i) an anisotropy of the unpaired electron distribution within the PMo* cluster or (ii) the presence of
two differently reduced PMo* clusters, i.e. the one-electron PMo* and two-electron reduced PMo*
cluster. Note that cyclo-voltammetric measurements (CV) are not possible to determine the oxida-
tion potential of photo-excited PMo* clusters in PM01,040®> - EOs/EQ¢ - 3Na* hybrid crystals in order
to distinguish between a one- or a two-electron reduced species as in other cases.*” This is due to
the fact that the oxidation potential is dependent on the pH: crystals were prepared with HsPMo
whereas in PM01,040> - EOs/EQs - 3Na* hybrid crystals PMo* is present as an isolated cluster with
sodium cations as counter ions (and the preparation of NasPMo in aqueous solution at pH = 7 for
investigations in CV is tricky as above pH > 2 other fragmented or larger polyoxometalates are

formed).
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Figure 5.7: ESR spectrum of oxidized crystals and pristine crystals with a successive photo-reduction
of PMo* to PMo* clusters. The left inset shows samples of yellow pristine crystals and black oxidized
crystals.
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UV-VIS. Since the greenish/blue colour in POM chemistry is well-known as the one- or two-electron
reduced POM heteropolyblue species with large visible light absorptions from 600 — 1000 nm,™
UV-VIS experiments were performed on few crystals (pristine and oxidized crystals) solubilized in
water, Figure 5.8. No light absorption is observed for non-oxidized PMo01,04* - EOs/EQ¢ - 3Na*
hybrid crystals within 510 — 1000 nm. Two absorption maxima from 450 nm — 1400 nm are ob-
served for black crystals solubilized in H,O as already expected from the greenish-dark crystal colour.
These two absorption maxima are known to be originated by oxygen to metal charge transfers of

both terminal and bridging oxygen atoms to molybdenum atoms.!™
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Figure 5.8: UV-VIS spectra of oxidised crystals and not-oxidised crystals with the formation of one-
or two-electron reduced PMo*/PMo* - heteropolyblue species.

Discussion of the solid-state oxidation. The trigonal planar geometry at C71 in combination
with the distance d(C71 - 066) = 1.24(1) A, - a typical bond length of a C=0 double bond B -
suggests that an aldehyde is present at C71 - 066 and not, as for the measurement provided in
Table 5.1(a) an alcohol. An aldehyde group can only be present in case of an oxidation reaction of
C71 in the solid state. PMo* is indeed a well-known oxidation- and photocatalyst in solution chem-
istry mainly owing to its Mo®*, d° configuration which makes PMo* a good electron acceptor. The
well-established catalytic solution behaviour of PMo* can also be transferred to the solid state:
PMo* absorbs incident photons leading to photoexcited PMo®” clusters. In a second step, these
photoexcited PMo*” clusters oxidise the C71 - alcohol to the corresponding C71 - aldehyde. Since
PMo?* absorbs light from the visible spectrum of the light, the oxidation reaction can be triggered
with a 455 nm LED lamp. The oxidation reaction can also be triggered and proceeds faster with
sunlight (which provides partially UV-light below 400 nm). This is due to the fact that the absorption
coefficient of PMo? for UV light (A < 400 nm) is higher than for visible light (A > 400 nm), see Figure
5.8, and the absorption of photons is more efficient. Additionally, X-rays also promote the oxidation
process in the crystal bulk more efficiently as incident photons are not completely absorbed by the

yellow crystal on its topmost surface, but can penetrate the whole crystal as implied by Lambert-
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Beer's law for light absorption. Irradiation of pristine crystals with Cu-K,, X-ray radiation triggers the
oxidation reaction more efficiently than irradiation of crystals with Mo-K, X-ray radiation as the
absorption coefficient of pristine yellow crystals is much higher for Cu-K, X-ray radiation, i.e. u =
21.306 mm™, than for Mo-K, X-ray radiation, i.e. 4 =2.31 mm™. As a consequence, more photoex-
cited PMo*” clusters are formed being able to oxidize C71.

Furthermore, the shortest distance between an atom of a PMo* cluster and EQg is also found be-
tween C71 and a terminal oxygen atom of an adjacent PMo?* cluster as indicated with the red circle
in Figure 5.3a: d(C71 — terminal oxygen of PMo*) = 3.12 A. A short distance PMo> - C71 facilitates
the electron transfer from C71 to a PMo? cluster during an oxidation reaction. The presence of one
or two unpaired electrons in the PMo* cluster is confirmed by (i) the change of the crystal colour
from yellow to black due to the subsequent formation of the reduced PMo*/PMo*> heteropolyblue
species!’® and (i) the presence of unpaired electrons at Mo atoms as shown by the intense signal in
ESR with a g-factor of 1.94.

Note that the deeply coloured heteropolyblue species at the surface of the crystal additionally leads
to a lower penetration depth of visible light as it is mostly absorbed at the topmost surface of the
crystal. Hence, the reaction rate of the oxidation process in case of visible light should slow down
with a more and more intense black-colouring of the crystal.

This oxidation process at C71 and a successive change of the atomic position of 066 is also the
reason for the large displacement ellipsoids for O66. Note that it is not possible to localize the two
H* released during the oxidation process in a single-crystal X-ray experiment. Note that this SCSC is
irreversible and could not be reverted by exposing the crystals to air (re-oxidation of PMo* clusters

by molecular O) or upon passing pure O, gas over the crystals.

5.5 Conclusion

PMo01,040% - EOs/EQs - 3Na* hybrid crystals were obtained by the electrostatic screening method and
demonstrated to be visible light responsive. Upon irradiation of PMo1,04* - EOs/EQ¢ - 3Na* hybrid
crystals with visible light/X-rays an irreversible SCSC transformation occurs going along with (i) a
change of the crystal colour from clear yellow to green and deep black and (i) a decrease in the
unit cell volume V about 1 % due to a prominent decrease of the unit cell parameters a (and partially
b). During the SCSC, PMo?* induces the oxidation of one terminal hydroxyl group of the EQs-chain
to the corresponding aldehyde. This SCSC transformation allows to selectively oxidize only one ter-
minal alcohol group of in total 4 available alcohol groups of EOs/EO¢ to the corresponding aldehyde.
Note that the selective oxidation of only one alcohol group in an oligomeric mixture of alcohols is
nearly impossible in a liquid phase reaction. The high selectivity can only be achieved due to a close

proximity of this alcohol to an adjacent PMo® cluster in the crystalline state.
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6 The Self-assembly of short chain PNIPAM with Keggin

Polyoxometalates

6.1 Preface and Abstract

Several people contributed to the work in this chapter:
- Philipp Schmid contributed with experimental work during a Bachelor thesis.
- Dr. Isabelle Grillo, Dr. Sylvain Prévost, Dr. Thomas Zinn and Dr. Daniel Clemens helped as
beamline scientists with SAXS and SANS measurements at ILL, ESRF and HZB, respectively.
- Dr. Markus Drechsler helped recording cryo-TEM measurements at the centre for micros-
copy in Bayreuth.
- Florian Buchecker, Sebastian Krickl, Alban Jonchére and Dr. Pierre Bauduin contributed with
experimental work during a three-day run at ESRF, Grenoble.
- Dr. Olivier Diat, Dr. Pierre Bauduin and Prof. Dr. Arno Pfitzner contributed with fruitful dis-
cussions and supervised the experimental work.
The following chapter contains the section “Supporting Information”. Additional results and graphs

are provided in the Supporting Information (SI) supporting conclusions drawn in the chapter.

Abstract: We show here for the first time that short chain poly-(N-isopropylacrylamide) PNIPAM,
one of the most famous thermo-responsive polymer, self-assemble in water into (i) discrete nm-
globules and (ii) micrometric sheets with nm-thickness upon the addition of the well-known Keggin-
type polyoxometalate (POMs), e.g. HsPW1,040 (PW?). The structures of these supramolecular assem-
blies were revealed by combining small-angle-X-ray and neutron scattering (SAXS/SANS) and cryo-
transmission electron microscopy (cryo-TEM). The type of self-assembly is controlled by the
PW1,040> (PW?) concentration: at low PW?" concentrations, PW? adsorbs on fully extended PNIPAM
chains to form globules consisting of homogeneously distributed PW? in PNIPAM droplets of several
nm in size. Upon further addition of PW?", a phase transition from globules to micrometric sheets is
observed for PNIPAMs with sufficiently long chains, typically above 22 repeating units. The thickness
of the sheets, ranging from 4 to 12 nm can be easily controlled by varying the PNIPAM chain length,
here from 44 to 88 repeating units. The PNIPAM sheets are electrostatically stabilized by two mon-
olayers of PW? adsorbed on each side of the sheets. The shortest PNIPAM chain, with 18 repeating
units, led to globular PNIPAM/PW?" aggregates with 5 — 20 nm size but not to sheets. The PW?*
/PNIPAM self-assembly arises from non-specific interactions, i.e. it is an entropically driven process
associated to the partial dehydration of PW?" and of the PNIPAM. This process is related to the
general propensity of POMs to adsorb on hydrated surfaces. This effect, known as super-chaotropy,

was also highlighted by the significant increase in the lower critical solubilization temperature (LCST)
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of PNIPAM observed upon addition of PW? in the mM range. The influence of the POM structure
on the globule and sheet formation was also investigated, by substituting PW? by HaSiW1,040 (SIW*
) or HsPM012040 (PM0¥) to get a deeper understanding of the role of electrostatics and polarizability
effects on the PNIPAM self-assembly process. The control of POM/PNIPAM nanostructures leads to
a self-encapsulating process of biologically active POMs - super-chaotropic nano-ions - with ther-

mosensitive polymers and opens therefore new opportunities in drug delivery formulation systems.

6.2 Introduction

Poly-(N-isopropylacrylamide) (PNIPAM), one of the most studied thermo-responsive polymer, under-
goes a liquid-liquid phase separation in aqueous solutions above its lower critical solution tempera-
ture (LCST) around 33°C.""? During this process, single PNIPAM polymers undergo a conformational
change form a hydrated “swollen” extended conformation to a dehydrated “shrunk” globular con-
formation concomitant with a reduction of the volume of PNIPAM.?% As the LCST of PNIPAM ap-
pears close to body temperature PNIPAM polymers find several applications in (i) biotechnology
where e.g. the LCST is exploited in the bio-separation of proteins conjugated with PNIPAM or in (ii)
(surface-) functionalization of materials to grant them thermo-responsiveness.”! PNIPAM is also (jii)
a simple model polymer for the cold denaturation of proteins in aqueous solution, as PNIPAM has
secondary amide side groups reminiscent of the polyamide backbone of proteins.** Such in vitro
and in vivo applications of PNIPAM require a deep understanding of the conformational and solution
behaviour of PNIPAM in the presence of NaCl.*¢' The most comprehensive studies on the effect
of salt, chain length and end group polarity on the LCST and solubility of PNIPAM in water have
been carried out by the group of P.S. Cremer.l'""2"51¢ Although Du et al. stressed by virtue of mo-
lecular dynamics (MD)-simulations that PNIPAM interacts predominantly with cations,® Fuentes et
al. showed by combining MD-simulations and experiments that for anions/cations with identical
size, shape and valence, the affinity of anions and cations for interfaces is intrinsically different with
anions providing a substantially stronger impact on PNIPAM than cations.” Cremer et al. also fo-
cused on the interaction of PNIPAM with sodium salts of different anions. They illustrated that ani-
ons interact with the PNIPAM polymer via three pathways: (i) anions can polarize water molecules
that are involved in hydrogen bonding with the amide bond, (ii) anions can interfere with the hy-
drophobic hydration of the macromolecule by increasing the surface tension of the cavity surround-
ing the hydrophobic aliphatic backbone and the isopropyl groups and (iii) anions may bind directly
to the polyamide group. They claimed that (i) and (i) lead to a decrease of the water solubility of
PNIPAM (called salting-out, i.e. lowering the LCST of PNIPAM) whereas (iii) leads to an increase of
the water solubility of PNIPAM (called salting in, i.e. increasing the LCST of PNIPAM). Cremer et al.
concluded that the ability of an anion to lower the LCST follows the well-known Hofmeister series

of anions""” implying that kosmotropic anions (small anions with high charge density) are strongly
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salting-out whereas chaotropic anions (large anions with low charge density, typically SCN"or ') are
salting-in by adsorbing on the PNIPAM chains.["*!

Recently, it was shown that POMs, anionic nano-sized molecular metal-oxide clusters, are by far
more chaotropic than classical chaotropic anions (e.g. I or SCN’), due to their large size, low charge
density and delocalized charges. POMs were classified within the Hofmeister series as super-chaot-
ropes due to their extremely strong increase in the clouding temperature of non-ionic polyethox-
ylated surfactants, typically between 10-40 °C compared to around 2-3 °C for SCN" for salt concen-
trations in the mM range.l"®?” The super-chaotropic behaviour of POMs is related to their strong
propensity to adsorb on hydrated neutral surfaces, e.g. on non-ionic surfactant micelles surface
made of polyethoxylated or sugar-based surfactants,'®2% on the water/air interface covered by the
latter non-ionic surfactants,™® on polyethylene glycol (EO, or PEG) oligomers"® or cyclodextrines.!®
211t was shown that the strong adsorption of super-chaotropes on hydrated surfaces is an entrop-
ically driven process associated to the release of many water molecules to the water bulk phase,
arising from the partial dehydration of the surface and of the super-chaotropes upon surface ad-
sorption.['®24 As for specific ion effects, the super-chaotropic effect emerges from non-specific in-
teractions and results from competing ion-water/water-surface interactions.>?*! It is noteworthy
that the super-chaotropic behaviour is not only restricted to POMs but can apparently be generalized

to nanometric anionic species with a low charge density, such as anionic borane clusters.242¢!

Ty
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Figure 6.1: Structure of (a) an a-Keggin-type POM, (b) the poly-N-isopropylacrylamide (PNIPAM)
repeating motive.

Here, we investigate the super-chaotropic effect of Keggin type polyoxometalates, a-HsPW1,040
(HsPW), a-HsPMo01,040 (HsPMo) and a-HaSiW2040 (H4SiW), towards short chain PNIPAM polymers
(PNIPAM2000, 5000, 7000, 10000 with averagely 18, 44, 62 and 88 repeating units, respectively),
see Figure 6.1. The focus was first laid on the interaction of PW;,04> (PW?) with PNIPAM10000
and the effect of the POM charge/structure (PW?/Siw*/PMo*) with PNIPAMX000 (x = 2, 5, 7, 10)

was discussed afterwards. To the best of my knowledge (non-specific) interactions between POMs
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and PNIPAM as well as the self-assembly of PNIPAM to well-defined nano-structures were not re-
ported in the literature so far. The covalent coupling of PNIPAM to POMs has been explored recently
to induce self-assembly, thermo- and salt-sensitivity to POMs.?”) Here, the adsorption and self-as-
sembly process of PNIPAM/POM at the mesoscale was followed by small-angle-X-ray-scattering
(SAXS) and small-angle neutron scattering (SANS) in combination with cryo-transmission electron
microscopy (cryo-TEM). The interaction of POMs with PNIPAM in water by the evolution of the LCST
upon addition of POMs and by differential scanning calorimetry (DSC) measurements was further

investigated.

6.3 Experimental

Materials. Phosphotungstic acid hydrate (HsPW1,040 - 14 H,0, HsPW, MW = 2898 g/mol, 99.995%
purity), phosphomolybdic acid hydrate (H;PM01,04 - 9 H,O, HsPMo, MW = 1825 g/mol, 99.9 %
purity) and silicomolybdic acid hydrate (HiSiW12040 - 28 H,0, HsSiW, MW = 3031 g/mol, 99.99%
purity) were purchased from Sigma Aldrich. Sodium chloride (NaCl, 99.5%), PNIPAMx000 (x = 2, 5,
7, 10) terminated with CHs- and -S-CH,-CH,-COOH were purchased from Sigma Aldrich.
PNIPAM2000 provides in average 17 repeating units, PNIPAM5000 43 repeating units,
PNIPAM7000 61 repeating units and PNIPAM 10000 88 repeating units. Milli-Q water was used with
a conductivity lower than 10.5 pS/cm and a total organic carbon content of max. 400 ppb.

SAXS. SAXS/WAXS experiments were performed at the TRUSAXS beamline (ID0O2) at the ESRF in
Grenoble, France. The instrument uses a pinhole collimated monochromatic incident beam with a
wavelength A = 0.0995 nm (12.46 keV). The SAXS detector (Rayonix MX-170HS) was set to a sam-
ple-to-detector distance of 1.2 m and WAXS data is simultaneously recorded with a Rayonix LX-
170HS detector placed in air 14 cm away from the sample. This setting allows to cover a broad Q-
range from 0.006 nm™ to 6.5 nm™ with g = 41/A sin(6), the scattering vector defined by the scat-
tering angle 26. The magnitude of the g vector for the WAXS was calibrated with the Bragg-re-
fletions of a Para Bromo Benzoic Acid (PBBA) standard. The flux of the incident X-ray beam was
6x10'? photons/s. Samples were contained in quartz capillaries with a diameter of 2.0 mm and a
wall thick-ness of 0.01 mm. Measured 2D scattering patterns were normalized to absolute scale
after instrument specific corrections and azimuthally averaged to obtain the scattered intensity as a
function of g. The normalized cumulative background of water, sample cell and instrument were
subtracted to obtain I(g). Note that the beam polarization was not taken into account during the
data reduction.

SANS. SANS spectra were recorded at the V16-TOF beamline at the HZB Berlin. The g-range from
0.6 nm™ to 7 nm™ was accessed which corresponds to sizes from around 0.9 to 10.5 nm in real

space. All spectra were corrected from instrumental background and empty cell and from the inco-
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herent scattering, mainly due to hydrogen atoms of PNIPAM. The small contribution of PW? (con-
stant scattering over the whole g-range) was also subtracted. The scattered intensity was calibrated
with water and therefore data are shown in absolute values (mm™).

LCST measurements. Solutions containing 1 mM and 2 mM PNIPAMx000 (x = 2, 5, 7, 10), respec-
tively, and a distinct amount of POM were placed into a thermostat (Thermomix_1460, B.Braun
Melsungen AG) and were heated from 24 °C to 60 °C with a rate of 0.5 °Cmin™". The LCST was
detected by visual inspection with an uncertainty of + 1 °C. Solutions containing PNIPAM/POM
sheets are tainted with a larger error as the LCST “smears” over a temperature range of at least 5 °C
(as indicated with the large error bars) and is not sharp as it is the case for PNIPAM solutions in the
absence of POM. In such cases the LCST was determined as the point, where an advanced turbidity
of the solutions was recognizable by the naked eye.

DSC measurements. Differential scanning calorimetry was performed by using a DSC30 (Mettler)
in a two-cycle mode, at a heating rate of 7 °Cmin™" from 25 to 60 °C. Approximately 60 mg of the
fluid sample were sealed in aluminium pans. Measurements were performed by continuously flush-
ing the instrument with nitrogen to avoid contamination with moisture.

IR measurements. FT-IR spectra were recorded in the range of 4000 — 400 cm™ using a Varian
670 FT-IR spectrometer with a PIKE GladiATR extension.

NMR measurements. All NMR spectra were measured at room temperature using a Bruker Avance
400 (400 MHz for 'H) NMR spectrometer. All chemical shifts are reported in é-scale as parts per
million [ppm] relative to the solvent residual peak (D,0) as the internal standard.

SLS. Static light scattering experiments were performed using a temperature controlled CGS-3 go-
niometer system from ALV (Langen, Germany) equipped with an ALV-7004/FAST Multiple Tau digital
correlator and a vertically polarized 22 mW HeNe laser (wavelength A = 632.8 nm). Before starting
the measurement, all samples were filtered into dust-free cylindrical light scattering cells (10 mm
outer diameter) using a 0.2 ym PTFE membrane filter. The sealed measurement cells could be placed
directly into the measurement apparatus. Measurements were performed for scattering angles of
45 — 135° after thermostating to 25 + 0.1 °C.

TEM. TEM micrographs were recorded with a Zeiss CEM 902 electron microscope operated at 200
kV. The machine was equipped with an in-column energy filter. For cryo-TEM studies, a drop (~2
mL) of the aqueous PNIPAM solution (c(PNIPAM) = 1 mM) was placed on a lacey carbon-coated
copper TEM grid (200 mesh, Science Services), where most of the liquid was removed with blotting
paper, leaving a thin film stretched over the grid holes. The specimens were shock vitrified by rapid
immersion into liquid ethane in a temperature-controlled freezing unit (Zeiss Cryobox, Zeiss NTS
GmbH) and cooled to approximately 90 K. The temperature was monitored and kept constant in

the chamber during all of the preparation steps. After freezing the specimens, they were inserted
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into a cryo-transfer holder (CT3500, Gatan) and transferred to a Zeiss EM922 OMEGA EFTEM in-
strument. Examinations were carried out at temperatures around 90 K. The microscope was oper-
ated at an acceleration voltage of 200 kV. Zero-loss filtered images (DE 1/40 eV) were taken under
reduced dose conditions. All images were registered digitally by a bottommounted CCD camera
system (Ultrascan 1000, Gatan), combined, and processed with a digital imaging processing system
(Gatan Digital Micrograph 3.9 for GMS 1.4). Evaluation of the respective length scales of the struc-
tures was achieved by measuring 50-100 different spots within the sample with the UTHSCSA Im-
ageTool V. 3.00.

6.4 Results and Discussion

The addition of small quantities of HsPW (typically c(HsPW) < 5 mM) to a solution containing 1 mM
PNIPAM10000 yield transparent and colorless solutions. The addition of higher concentrations of
HsPW (typically c(HsPW) > 5-10 mM) to aqueous solutions of 1 mM PNIPAM10000 yields blueish
solutions and after a while these solutions undergo a liquid-liquid phase separation, see Figure S
6-1, (1 min — 1 day, the higher the HsPW concentration the faster the separation).

Combined SAXS/SANS scattering experiments were performed to extract information on the inter-
action of PW?* with PNIPAM10000 on the mesoscale. The accessible g-range in SAXS (SANS) was
0.1 - 10 nm™ (0.05 - 3 nm™) which enables to detect scattering objects with a size of 0.6 - 60 nm
(2 - 120 nm). Combined SAXS/SANS scattering experiments highlight the adsorption of PW?* on
PNIPAM polymers with both contrasts: SAXS highlights the adsorption of PW? on PNIPAM from the
“PW? point of view” due to its high electron density and provides information on the self-assembly
of PW?. SANS highlights the adsorption of PW?" on PNIPAM from the “PNIPAM point of view". As
the neutron scattering length density (SLD) of PW? is very close to D,O (and as PW?* provides a low
constant scattering over the whole g-range in SANS) SANS experiments yield information on the

aggregation of PNIPAM polymers.
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Figure 6.2: (a) SAXS spectra of 1 mM PNIPAM10000, 5 mM PW? and mixtures of 1 mM PNIPAM
with PW?". (b) SANS spectra of 1 mM PNIPAM10000 in the presence of different concentrations of
PW?. The inset shows the SLS spectra. Note the g2 dependency for g < 0.02 nm™ of 1 mM
PNIPAM10000 - 10 mM PW?,

SAXS, see Figure 6.2. The absolute scattered intensity of PINPAM 10000 in SAXS is very low due
to its low SLD difference to H,O. 1 mM PNIPAM10000 provides a ¢"'™ decay of the scattered
intensity in the g-range of 0.2 - 1 nm™. 5 mM PW? in H,0 provides a scattering signature for spher-
ical scattering objects with a radius of 0.45 nm, i.e. the hard sphere radius of PW?"1"® The depression
of the scattered intensity for 5 mM PW?* for g < 0.8 nm™ accounts for the electrostatic repulsion
between the PW? anions. SAXS spectra of mixtures of PNIPAM10000 - PW?* show excess scattering
compared to their individual components within the g-range of 0.06 - 2 nm”, implying the aggre-
gation of PW?* in the presence of PNIPAM10000 polymers. The decrease of the excess scattered
intensity of 1 mM PNIPAM10000 - 1 mM PW?* for g < 0.2 nm™ implies repulsion between the
scattering objects. This repulsion is electrostatic in nature as this electrostatic repulsion can be
screened upon the addition of 100 mM NaCl indicated by an increase of the scattered intensity of
1 mM PNIPAM10000 - 1 mM PW?3 - 100 mM NacCl for g < 0.7 nm™. The mixture PNIPAM10000 - 5
mM PW? provides large excess scattering for g < 1 nm™ compared to a solution containing only 5
mM PW?",

SANS and SLS, see Figure 6.2. The scattering signature of 1 mM PNIPAM10000 in D,O is very
similar to its scattering signature observed in SAXS following a g'™ decay for 0.2 <g < 1 nm™.
Note that the scattering intensity decays with g'° when the scattered intensity of D,O is not sub-
tracted. The addition of 1 mM PW?* to 1 mM PNIPAM10000 does not lead to an increase of the
overall scattered intensity, but to an increase of the scattered intensity for 0.2 < g <2 nm™ and to
a decrease in the scattered intensity for g < 0.2 nm™ indicating repulsion between uncharged

PNIPAM 10000 polymers and a conformational change of the PNIPAM 10000 polymers from a rather
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extended conformation to a rather globular conformation. The addition of 5 mM PW?* to 1 mM
PNIPAM10000 leads to an increase of the overall scattered intensity, again with repulsive interac-
tions between the scattering objects as indicated by the depression of the scattered intensity for g
< 0.3 nm™. A mixture of 1 mM PNIPAM10000 - 10 mM PW?" provides excess scattering compared
to their individual spectra within the g-range of 0.05 - 2 nm™. For g > 1 nm™ a g** dependency of
the scattered intensity is observed indicating a sharp interface between the scattering object and
the surrounding medium. A SLS measurement on a mixture of PNIPAM10000 - 10 mM PW? provides
a scattering signature following a g dependency in the very low g-range implying the presence of
planar 2D objects such as sheets, see inset of Figure 6.2. Note that samples containing 1 mM
PNIPAM10000 - 0/1/5 mM PW? provide an almost constant (low) scattering signal in SLS.

20 25 30 35§
/nm

Figure 6.3: Cryo-TEM micrographs of mixtures containing 1 mM PNIPAM10000 and various con-
centrations of PW?" (a) PNIPAM10000/PW?*" sheets formed by a mixture of 1 mM PNIPAM10000 -
5 mM PW?; (b) disrupted sheet formed by a mixture of 1 mM PNIPAM10000 - 5 mM PW?; (c)
wrapped sheet formed by a mixture of 1 mM PNIPAM10000 - 5 mM PW?; (d) inset of wrapped
sheet depicted in (), the electron density excess (width = 1.5 nm) at the edges of the sheet is clearly
discernible, see inset which depicts the pixel grey-scale integration averaged over the complete
white rectangle; (e) PNIPAM10000/PW? globules formed in the presence of 5 mM PW?" and 100
mM NaCl with a maximum of the size distribution around 10 nm; (f) inset of PNIPAM/PW? globules
depicted in (e), the dark black dots have an average size of 1 nm and correspond to a single PW*
cluster. The dark edges in the corners of the micrographs (a), (b) and (e) correspond to the cryo-
TEM-grid.
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Cryo-TEM. Cryo-TEM micrographs were recorded to gain further information on the supramolecu-
lar assemblies formed by mixtures of PNIPAM/PW?". The contrast of objects only formed by PNIPAM
against water would be very weak due to its low electron density. The contrast of domains which
are rich in PW?, however, provide a strong electronic contrast due to the high electron density of
PW?. No objects with a significant electronic contrast against water were detected for samples
containing either only PW? (for 5 mM PW?) or PNIPAM (for 1 mM PNIPAM10000). For mixtures of
PW3 and PNIPAM with c(PW?) < 1 mM, no objects with a significant contrast could be detected.
Micrographs reveal the presence of extended sheets for a mixture containing 1 mM PNIPAM 10000
and 5 mM PW?, Figure 6.3(a). These nano-sheets are labile as also disrupted nano-sheets can be
observed, see Figure 6.3(b). It should be noted that the rupture of the nano-sheets might be de-
duced to the harsh conditions during the preparation of the samples for cryo-TEM, see Experimental
section. Figure 6.3(b) also suggests that the nano-sheets consist of distinct sub-units. Figure 6.3(c)
depicts a doubly involuted nano-sheet with large lateral dimensions (> pym). Figure 6.3(d) — an inset
of the upper right part of Figure 6.3(c) — reveals that the thickness of the sheets is homogeneous
(12 nm). An averaged integration of the pixels (integration over the entire length of the white rec-
tangle from left to right) in Figure 6.3(d)) yields an electron density profile with a schematic struc-
ture 101 (I = high electron density and O = low electron density). The width of I'is 1-2 nm and the
width of O is approximately 5-7 nm. Remember that the diameter of PW?" is approximately 1 nm.
Cryo-TEM micrographs of a solution containing 1 mM PNIPAM10000 - 5 mM PW? - 100 mM Nadl,
depict many small, globular domains, see Figure 6.3(e). The size distribution of these globular ob-
jects has @ maximum at 10 nm, see Figure 6.3(e) and Figure 6.3(f). These globular objects are
stubbed by small black dots with a high electron contrast with an average diameter of 1 nm, i.e.

PW?, see Figure 6.3(f).

Temperature dependence of the LCST. As PNIPAM is most famous for its thermo-responsive
behaviour, the LCST of PNIPAM is plotted as a function of the PW?* concentration, see Figure 6.4(a).
The addition of PW? to a solution containing 1 mM PNIPAM10000 leads first to a strong increase
of the LCST for c(PW?) < 2 mM, until it reaches a plateau and then decreases again for c(PW?) >
3.5 mM. It should be mentioned that the determination of the LCST by visual inspection is not
straightforward as the LCST of PNIPAM does not occur at a definite point in the presence of PW?*
and is not concomitant with a clear liquid-liquid phase transition (as in the absence of any additives)
but rather “smears” over a large temperature range. In case of samples with a blueish appearance,
see Figure 6.4(a) insets, the CP is not clearly defined and an advanced turbidity was considered as
the LCST. Note that the LCST maximum of PNIPAM10000 at ¢(PW?*) = 2 mM coincides with the
onset of the large excess scattering in SAXS and SANS. Cryo-TEM micrographs were also recorded
for a solution containing 1 mM PNIPAM10000 - 5 mM PW?* that was prepared at 50 °C (100 %
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humidity) and frozen in liquid ethane instantaneously. The micrographs depict long (> pm), worm
like objects reminiscent of “involuted sheets” with approximately 30 nm diameter see Figure 6.4(b).
The picture of involuted sheets is further supported by the fact that parts of these worm like objects
are not completely involuted and similar to sheets as found for samples containing 1 mM

PNIPAM10000 - 5 mM PW? prepared at 25 °C. Note that the contrast of these involuted sheets is

relatively high suggesting a high electron density, i.e. PW?, in these involuted sheets.

Figure 6.4: (a) LCST of PNIPAM10000 plotted as a function of PW?* from 0 to 6 mM and as a
function of c(Nal) and c(Na.COs). Error bars represent the error of the LCST by detection with visual
inspection. The insets depict the LCST transitions from a solution containing 1T mM PNIPAM 10000 -
1 mM PW? and from a blueish solution containing 1 mM PNIPAM10000 - 5 mM PW?, respectively.
The blueish shaded region in the graph indicates that solutions containing 1T mM PNIPAM 10000 - x
mM PW? (3 < x < 6) become more and more blueish. (b) Cryo-TEM micrograph of a solution con-
taining 1 mM PNIPAM10000 - 5 mM PW? prepared at 50 °C, see pink star in (a). The light grey
stripes correspond to the TEM-sample grid and the worm-like involuted sheets stem from
PNIPAM/PW?" assemblies.

Furthermore, DSC thermograms were recorded. In contrast to all measurements above, 2 mM
PNIPAM10000 instead of 1 mM PNIPAM10000 were necessary for DSC measurements to ensure a
sufficiently large signal to noise ratio. Figure S 6-2 depicts the effect of PW* on a 2 mM
PNIPAM10000 solution. Two major features are observed: (i) a shift of the exothermic peak to higher
temperatures confirming a significantly elevated LSCT and (ii) the exothermic peak becomes smaller
and broader.

Non-specific interactions. IR measurements were performed for PNIPAM2000 and PNIPAM 10000
and their mixtures with PW?". These measurements did not provide further hints on specific interac-
tions between PW?" and PNIPAM at given (low) concentrations. Remember that no specific interac-
tions were previously observed between PW? and non-ionic micelles or in the formation of POM-

cyclodextrin host-guest complexes.?#?228 Furthermore, 'H-NMR experiments on PNIPAM 10000 and
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their mixtures did not yield any further information on specific interactions between the PNIPAM
polymer and PW?, see Figure S 6-3.

The variation of the PNIPAM chain length. The addition of small quantities of POMs, PW?*" (typ-
ically c(PW?) < 7-10 mM) to solutions containing 1 mM PNIPAMXx000 (x = 2, 5, 7, 10), yields trans-
parent colourless solutions. The addition of higher concentrations of PW?*/PMo* (typically c(PW?) >
5-10 mM) to aqueous solutions of T mM PNIPAMXx000 (x = 2, 5, 7, 10) yields blueish solutions and
after a while the solutions undergo a liquid-liquid phase separation, see Figure S 6-1, (1 min — 1
day, the higher the PW?" concentration the faster the separation).

To further explore the (j) strong interaction between PNIPAM and PW? and the (ij) internal structure
of the supramolecular assemblies, SAXS measurements were performed and cryo-TEM micrographs
were recorded for solutions containing 1 mM PNIPAMx000 (x = 2, 5, 7) in presence of PW* (0 <
c(PW?) < 10 mM). SAXS scattering patterns of solutions containing PNIPAMXx000 (x = 5, 7) and PW*
are very similar to the scattering patterns of solutions containing 1 mM PNIPAM10000 and PW?,
see Figure S 6-4, Figure S 6-5 and Figure S 6-6: for c(PW?) < 2-3 mM large excess scattering of
PNIPAM-PW? mixtures is observed compared to their individual components within the g-range of
0.06 - 2 nm™, implying also the aggregation of PW?* on PNIPAMx000 (x = 5, 7) polymers. The
decrease of the excess scattered intensity of 1 mM PNIPAMX000 (x =5, 7) - 1 mM PW? for g < 0.2
nm™ indicates electrostatic repulsion between the scattering objects that can be screened upon the
addition of 100 mM NacCl (indicated by an increase of the scattered intensity of 1 mM PNIPAMx000
(x=5,7) -1 mMPW?* - 100 mM NaCl for g < 0.7 nm™). The large excess scattering forg <1 nm'
in case of mixtures containing 1 mM PNIPAMx000 (x = 5, 7) and c(PW?) > 2-3 mM indicates the
presence of large objects. Indeed, cryo-TEM micrographs reveal again the presence of sheets for
c(PW?) > 5 mM. The 10l sheet structure of PNIPAMX000 (x = 5, 7) sheets is less prominent compared
to PNIPAM10000-PW? sheets but can nevertheless be seen: the thickness of I is again 1-2 nm,
whereas the thickness of O is 2.5-3 nm, see Figure 6.5. Sheets formed by PNIPAM7000 — 5 mM
PW?3 are 5-7 nm thick but the separate thickness of  and O could not be determined unambiguously
although a clear electron density excess is present at the edges of the sheets, see Figure 6.5. Note
that the rupture of the sheets in some cases may be deduced to the harsh conditions during the
freezing procedure of the cryo-TEM samples. In case of PNIPAM2000, the situation is somewhat
different: the scattering spectra of PNIPAM2000 and PW? also show the same large excess scatter-
ing of PNIPAM-PW?" mixtures (c(PW?*) > 2.4 mM) compared to their individual components within
the g-range of 0.06-2 nm”, implying also the aggregation of PW?* on PNIPAM2000, see Figure S
6-4. But Cryo-TEM micrographs reveal the presence of globular objects with a diameter from 6 -
30 nm with a maximum of the particle diameter around 10 nm. These globular objects are studded

with black dots with an average diameter of 1 nm, i.e. the PW?*, see Figure S 6-7.
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Figure 6.5: Electron density profiles of averaged integrations of involuted PW?-PNIPAMx000-PW?
sheets (x=5, 7, 10).

The variation of the POM. The impact of the POM nature, i.e. the POM polarizability (HsPW12040
vs. HsPM01,040) and the POM charge (HsPW1,040 vs. HaSiW1,040) was also investigated by SAXS and
cryo-TEM. SAXS spectra of PNIPAM10000 - PMo* mixtures are very similar to those of
PNIPAM10000 - PW?" except of the lower scattered intensity due to the lower SLD of PMo* com-
pared to PW?, see Figure S 6-8. Cryo-TEM also shows the formation of PMo*/PNIPAM10000/PMo*
sheets. The scattering spectra of PNIPAM 10000 - Siw*, however, are different: for c(Siw*) <3 mM
excess scattering for 1 nm” < g <3 nm™ is observed compared to their individual components, see
Figure S 6-9. The decrease of the scattered intensity for g < 1 nm™ indicates strong repulsion
between the scattering objects. In contrast to the scattering spectra of PNIPAM10000 - PW?* where
a strong increase of the scattered intensity is observed for c(PW?) > 3 mM this excess scattering is
not observed for PNIPAM10000 - Siw* mixtures. Furthermore, SLS measurements do not indicate

the presence of large objects for c(Siw*) < 10 mM.
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Discussion

The SAXS and SANS scattering patterns of 1 mM PNIPAM10000 (a g'" decay in the g-range of
0.2 - 2 nm™ with a stable I(g—0) around 0.2 nm™) suggest that PNIPAM is in an extended confor-
mation (similar to a rod). This is in agreement with MD simulations performed by Du et al., who
showed that PNIPAM is present in an extended conformation in an aqueous environment below its
LCST.® It is further supported by the fact that the length of a fully extended PNIPAM 10000 polymer
with 88 repeating units is around 25 nm which is in the same order of magnitude as the stable
I(g—0) for g < 0.2 nm™. The forward scattered intensity of 1 mM PNIPAM10000 in SANS for 1(g—0)

is evaluated by assuming the scattering of isotopically distributed objects as:

Equation (1): I(g—0) = nV*(Ap)?

with n being the concentration of the scattering objects, V their Volume, and Ap the scattering
length density difference between D,O and the scattering objects. Equation (1) can be expanded

with

Equation (2): 1(g—0) = c(PNIPAM1000) * Nagg * Vpnipamioooo * (Po20 = Penipamioooo)’

where ¢(PNIPAM10000) is the PNIPAM 10000 number concentration, N,y the aggregation number
of PNIPAM 10000 polymers, VZenipamioooo the molecular volume of PNIPAM 10000 and p the scattering
length densities of D,O and PNIPAM10000. The Nggq value of T mM PNIPAM in D,O obtained by
this calculation is 1.4 and corresponds to an averaged aggregation number with an error estimated
to be at least 0.5. Only averaged N4, values can be estimated as the PNIPAM polymer can be present
as a mixture of non-aggregated and aggregated oligomers. Hence, at 1 mM, PNIPAM10000 is pre-
sent in @ mostly monomeric non-aggregated configuration. The large excess scattering in SAXS and
SANS confirm an interaction between PW?*/PNIPAM10000 concomitant with the formation of su-
pramolecular assemblies which increase with increasing PW? concentration. In a supramolecular
assembly formed by 1 mM PNIPAM10000 - 1 mM PW? approximately 17 correlated PW?* anions
are present in a supramolecular assembly. This is indicated by the increase of the scattered intensity
by a factor of 17 in SAXS (the PNIPAM polymer is not supposed to contribute significantly to the
scattered intensity), see Figure S 6-10. The PW*-PW?" average distance within the PW?/PNIPAM
assemblies is 1.05 nm indicated by a correlation peak as obtained by dividing the scattering curve
of 1 mM PNIPAM10000 — 1 mM PW?*" by the spherical formfactor P(g) of PW?, see Figure S 6-10.
Hence, PW? is almost packed densely in globular assemblies formed by 1 mM PNIPAM10000 and

1 mM PW?. Note at this point that no correlation peak is obtained for supramolecular assemblies
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formed by PNIPAM10000 and SiW indicating that a dense packing of Siw on PNIPAM10000 at 1
mM PNIPAM10000 - 1 mM H,4SiW is not possible, see Figure S 6-10. Interestingly, the absolute
scattered intensity in SANS does not increase for the same sample 1 mM PNIPAM10000 - 1 mM
PW?3" compared to 1 mM PNIPAM10000 as the absolute scattered intensity is modulated by a struc-
ture factor. The strong structure factor of 1 mM PNIPAM10000 - 1 mM PW? in SANS - indicated by
a decrease in the low g (g < 0.3nm™) - implies repulsive interactions between the scattering objects.
This may be deduced to PNIPAM10000 polymers which become charged negatively upon adsorp-
tion of PW? anions. The inter-assembly structure factor was obtained by dividing the SAXS scatter-
ing curve of T mM PNIPAM10000 - 1 mM PW? - 100 mM NaCl by the SAXS scattering curve of 1
mM PNIPAM10000 - 1 mM PW?. The inter-assembly structure factor was then applied to the SANS
scattering curve of T mM PNIPAM10000 - 1 mM PW?*" to yield a SANS scattering curve which is
corrected by the inter-assembly S(g). The I(g—0) analysis of such a curve leads to an averaged ag-
gregation number of PNIPAM10000 of 3.

In a rough estimation, the scattering signatures of 1 mM PNIPAM10000 — 1 mM PW?in SANS and
1 mM PNIPAM10000 - 1 mM PW? - 100 mM NaCl are reminiscent of the scattering signatures of a
spherical scattering object with a radius of approximately 5-7 nm as obtained by a Guinier fit, see
Figure S 6-11. Considering the molecular volume of three PNIPAM10000 molecules (Vi = 3
1.5x10% m?3), a spherical dense packing of three PNIPAM10000 polymers with approximately 17
PW3 at 1 mM PNIPAM10000 - T mM PW? leads to a sphere with a radius of 1.5 nm. At a first
glance, this may be contradictory to the spherical radius of PNIPAM10000 obtained from SANS
measurements (6-7 nm), but PNIPAM10000 is well known to be highly hydrated and each
PNIPAM10000 polymer is considered to contain ~ 70-80% of water inside its hydrodynamic vol-
ume.® Taking into account the volume of hydration water, the radius of PNIPAM/PW? globules is
5 nm. The only conclusion drawn from this rough approximation is that PNIPAM10000 undergoes
a conformational change from a rod-like extended conformation to a globule like dense confor-
mation upon the addition of PW?. Combining the considerations from SAXS and SANS measure-
ments we conclude that in a sample containing 1 mM PNIPAM10000 - 1 mM PW? PNIPAM/PW?

globules with a radius of 5 nm are present, see Figure 6.6.
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Figure 6.6: Cartoon illustration of the proposed mechanism of forming the PNIPAM/PW? globules
and POM/PNIPAM sheets. PW?*, which is densely packed in the globules, should rearrange to the
surface of PNIPAM to be incorporated in the lamellar 101 sheet structure.

In contrast to the supramolecular assembly of 1T mM PNIPAM10000 - 1 mM PW?, where approxi-
mately three PNIPAM polymers aggregate, the large excess scattering of 1 mM PNIPAM10000 —
5/10 mM PW?* in SANS indicates that the supramolecular assemblies consist not only of three
PNIPAM10000 polymers decorated with several PW? anions, but more aggregated PNIPAM poly-
mers. For a sample containing 1 mM PNIPAM 10000 — 10 mM PW?, an average aggregation number
of 25 aggregated PNIPAM polymers is found. Note that these are only averaged aggregation num-
bers where both, unaggregated as well as aggregated PNIPAM polymers contribute to the scatter-
ing signal. The PW?-PW? average distance within the PW?*/PNIPAM assemblies formed in a solution
containing 1 mM PNIPAM10000 — 5 mM PW? is 1.00 — 1.03 nm indicated by a correlation peak as
obtained by dividing the scattering curve of 1T mM PNIPAM10000 — 1 mM PW?* by the formfactor
P(q) of PW?, see Figure S 6-12. Hence, PW? is also packed densely in the 2D layer of the sheets
formed by 1 mM PNIPAM10000 and 5 mM PW?". Both samples, T mM PNIPAM10000 - 5/10 mM
PW?, show a g™ decay of the scattered intensity in the Porod region for g > 0.6 nm™ corresponding
to a sharp interface between the scattering object and the surrounding medium.

This nanoscopic phase separation of PNIPAM10000 and water is also consistent with the objects
detected on the cryo-TEM micrographs: self-assembled PNIPAM10000 molecules are stabilized in a
2D sheet by a monolayer of PW?" at the H,O/PNIPAM 10000 interface (PW?*/PNIPAM10000/PW?) as
indicated by a large electron density excess at the edges of the sheets, see Figure 6.6. Analogous
to PW3/PNIPAM10000/ PW? sheets with an unambiguous 10l structure, PW*/PNIPAM7000/PW*
and PW?/PNIPAM5000/PW?*" sheets also clearly show an electron density excess at both sides of the
sheets. Interestingly, the width of I is again 1-2 nm, i.e. the thickness of a layer composed by disor-
dered PW?*, and the thickness of O is 2-3 nm in case of PNIPAM5000 nano-sheets, i.e. twice the
thickness of PNIPAM10000 nano-sheets thereby further supporting the 101 structure model, see
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Figure 6.5. The addition of NaCl to PW?/PNIPAM/PW? nano-sheets leads to a screening of repulsive
interactions between PW? anions.®? It is assumed that lateral repulsions of PW?" anions at the
PNIPAM-H,O interface should lead to a stabilization of the symmetrical 10l arrangement. This
screening effect destabilizes the sheets finally resulting in a blast of the sheets to discrete nanome-
ter-sized objects containing PNIPAM10000 and PW?. Indeed, a dense packing of PW? anions at an
interface is well known, e.g. at a H,O-Ether interface before the famous etherate formation (not
published so far). Furthermore, close packed layers of PW? are also found in case of PW?* - EO¢/EOs
- 3Na* and PW? - EOyq - K*-H*-H* hybrid crystals in the solid state, see chapter 4. Bera et al. further
pointed out that for c(PW?) > 47.7 mM a mixture of non-associated PW* monomers and associated
randomly percolated PW? monomers is present in bulk solution.B®" Furthermore, they found that
the structure of an aggregated PW?*" layer near the H,O-air interface is reminiscent of the solid-state
crystal structure of PW? in which PW? anions are connected by Zundel ions.*? This transition may
also be made here between close packed layers of PW? in PW? - EO¢/EOs - 3Na*and PW? - EOy; -
K*-H*-H* hybrid crystals and in PW3*/PNIPAM/PW?" nano-sheets. Hence, we assume that in (j) the
globular assemblies and (ii) at the surface of the PW?*/PNIPAM/PW?" nano-sheets we may meet the
case of Bera et al. Interestingly, PNIPAM2000 does not form sheets with PW?" at any concentrations
but rather large globular PNIPAM2000/PW?" objects are formed for c(PW?) > 2.4 mM. Apparently,
18 repeating units of PNIPAM2000 are too few to counterbalance the repulsive interactions of the
two opposite PW? layers stabilizing the 101 structure model. Note that Bera et al. also found out
that Zundel ions stabilizing aggregated POMs at an H,O/air interface and in the solid state of PW?*
align parallel to the interface. Hence, POMs on the surface of PNIPAM sheets may be packed densely
only in a monolayer and lateral repulsive interactions can be screened by parallelly aligned Zundel
ions that may be present at the interfacial PW?" monolayer. But the small thickness of the PNIPAM
layer with a low permittivity may be too small to screen the repulsive interactions between the two
PW? layers.

The LCST maximum of PNIPAM10000 at c(PW?) = 3 mM coincides with the onset of the large excess
scattering in SAXS and SANS. The adsorption of PW? on a PNIPAM10000 polymer and the subse-
quent formation of PW?*/PNIPAM 10000 globules leads to an increase of the LCST, i.e. an increase
of the solubility of PNIPAM. This is reasonable as the PNIPAM polymer becomes charged upon the
adsorption of PW? as it is the case in the adsorption of POMs on the micellar surface of CsEO,
micelles.?% At this point it is worth to mention that the LCST increase of PNIPAM 10000 by PW?*" is
more pronounced than for a classical chaotropic anion, e.g. I, highlighting again PW?"s super-cha-
otropic nature. When PNIPAM is heated in pure water, the phase transition occurs as a sharp tran-
sition due to the cooperative collapse of long segments, and eventually the complete PNIPAM pol-
ymer.23 PW3 interferes with the cooperative collapse of the PNIPAM chain: the higher the salt con-

centration, the less cooperative the collapse process as already proposed by Schild and Tirrell for
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the adsorption of SCN” on PNIPAM."3 This fact also explains the observation made in DSC measure-
ments: a shift of the exothermic peak to higher temperatures which itself becomes gradually smaller
and broader. The length of unperturbed PNIPAM10000 segments decreases upon the adsorption
of PW? resulting in a decreasing peak height and an increasing peak width. However, the addition
of c(PW?*) > 3 mM leads to a significantly decreased LCST of the PNIPAM 10000 polymer. It should
be stressed at this point that the term LCST is here not unambiguous: the transition of POMs from
being salting in (increasing the LCST) to being salting out (decreasing the LCST) is here concomitant
with the formation of the 101 supramolecular assembly including a nanoscopic phase separation of
PNIPAM10000. The latter becomes a macroscopic phase separation/segregation when large sheets
(> pum) are present for c(PW*) > 7 mM. It is questionable if the term LCST is even applicable when
PNIPAM10000 self-assemble in sheets. The PNIPAM 10000 polymer may already be referred to as
“salted out”, due to the fact that most of the PNIPAM10000 polymers are not solubilized in bulk
water for c(PW?) > 3 mM and despite the fact that the solution is macroscopically homogeneous
and clear. Nevertheless, upon heating a solution containing PW?*/PNIPAM10000 sheets above its
“LCST”, the blueish solution becomes milky and more turbid. Cryo-TEM micro-graphs reveal that
the sheets wrap up to form worms-like architectures with a significantly decreased volume. This
involution and shrinkage process indicates that PNIPAM10000 is still partially hydrated within the
sheets — otherwise the temperature increase would not affect the sheet-structure (further dehydra-
tion process). The partial hydration of PNIPAM in the PNIPAM/PW? globules is further confirmed by
DSC measurements due to the presence of an exothermic peak observed during the heating cycle
that decreases with increasing PW?" concentration. Hence, increasing the temperature leads to a
less efficient hydration of PNIPAM polymers within the sheets. Water molecules still partially hydrat-
ing the PNIPAM polymers are expelled leading to a macroscopic phase separation. It is worth to
remark that PW? anions can be confined in these worm-like cylindrical structure. Interestingly,
Cremer et al. also found a two-step phase transition of PNIPAM beyond a certain concentration of
kosmotrope, e.g. for c(Na,SO.) > 130 mM: the lower-temperature phase transition corresponds to
the dehydration of the amide group through a polarization effect of the anions and the higher-
temperature phase transition corresponds to the removal of the weakly bound hydration waters
from the back-bone and isopropyl side chain during polymer folding. The adsorption of super-cha-
otropic POMs on PNIPAM may also lead to a two-step dehydration process of PNIPAM: (i) a first
partial dehydration of PNIPAM upon the adsorption of POMs and (ii) a second full dehydration upon
heating above PNIPAM's LCST. The LCST maxima of PNIPAMX000 (x = 2, 5, 7, 10) as a function of
PW? behave similar to the LCST maximum of PNIPAM10000 as a function of PW?*" and are plotted
in Figure S 6-13. Note, that no direct relation between number of repeating units of PNIPAM to

the number of PW? and its impact on the LCST of PNIPAM could be found, see Table S 6.1.
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6.5 Conclusion

Common polyoxometalates, HsPW1,040, HsPM01,040 and HaSiW1,040 interact strongly with short
chain PNIPAM polymers (PNIPAMx000, with x = 2, 5, 7, 10) with strong consequences for its
thermo-responsive behaviour. The reason for an adsorption of anionic POMs on uncharged PNIPAM
is the result of a subtle balance between partial dehydration of both the PNIPAM oligomer and
highly polarizable POM anions and an associated gain of entropy. The adsorption of PW? on
PNIPAM leads first to the formation POM-PNIPAM globular objects and eventually to the formation
of stimuli responsive (salt and temperature stimulus) PW?*/PNIPAM/PW?" and PMo*/PNIPAM/PMo*
nano-sheets via self-assembly of PNIPAMx000 (x = 5, 7, 10). Threefold negatively charged POM
anions (PW?" and PMo?) accumulate at the PNIPAM/H,O interface as (i) the anion charge cannot be
fully confined within an aliphatic surrounding and (i) POMs partially remain hydrated. These 2D
nanocomposite sheets are not chemically linked by physically linked and their thickness can be tuned
by the PNIPAM chain length. The driving force for the nanoscopic phase separation of PNIPAM is
considered to be the result of a change in the hydration state of PNIPAM due to the partial dehy-
dration during the adsorption process of PW?". Note that in case of the interaction of PW?" with
short EO, oligomers no globular structure but discrete nano-assemblies were formed, see chapter
4.4. The formation of PW?*/PNIPAM/PW? nano-sheets with the 2D dense packing of PW?" may also
be compared to the layered arrangement of PW?"in PW? - EQ¢/EOs - 3 Na* and PW?* - EOQy; - K*-H*-
H* hybrid crystals in the solid state, see chapter 4. Hence, PW?*/PNIPAM/PW?" nano-sheets may be
considered as soft materials resulting from POMs’ specific effects on hydrated oligomers in aqueous

solution and the preferential layered 2D arrangement of PW? in the solid state.
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6.7 Supporting Information

Figure S 6-1: (a) Liquid-liquid phase separation of a solution containing 1T mM PNIPAM10000. The
addition of small quantities of PW?" (typically c(PW?) < 7-10 mM) to solutions containing 1 mM
PNIPAMX000 (x = 2, 5, 7, 10), yield transparent solutions, see (c). The addition of higher concentra-
tions of PW? (typically c(PW?) > 5-10 mM) to aqueous solutions of 1 mM PNIPAMXx000 (x =2, 5, 7,
10) yields blueish solutions, see (b). (d) After a while, the solutions undergo a liquid-liquid phase
separation, see phase separation monitored at a 1 mM PNIPAM10000 — 10 mM PW? solution di-
rectly after mixing - after 2 hours - after 5 hours and after one day.
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Figure S 6-2: DSC thermograms obtained during heating a) a pure PNIPAM10000 (2 wt%, i.e. 2
mM) solution. 2 wt% PNIPAM10000 instead of 1 wt% PNIPAM10000 were necessary for DSC
measurements to ensure a sufficiently large signal to noise ratio. (b)-(d) show the effect of PW? on
a PNIPAM10000 (2 wt%) solution. Two major features are observed: (i) a shift of the exothermic
peak to higher temperatures confirming a significantly elevated LSCT and (ii) the exothermic peak
becomes smaller and broader.
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Measurements were performed on a Perkin Elmer DSC8000 from 20 to 60 °C with a heating rate
of 7.5 °C per minute (a screening of the heating rate was performed from 1 °C/min to 10 °C/min
and 7.5 °C/min turned out to be best compromise between a distinct exothermic peak and the least
offset to the “real” PNIPAM phase transition temperature). Two cycles were recorded to check re-
producibility; not the raw data is depicted, but the fist derivative of the heat flow is depicted since
the released heat is only subtle. The measurements are normalized to the mass which was in the
sample container, so the absolute released heat can be compared. The exothermic peak (corre-
sponding to the liquid-liquid phase separation of PNIPAM and H,O at around 35 °C) could only be
observed for c(PNIPAM10000) = 2 mM. In contrast to all measurements shown in the manuscript,
2 mM PNIPAM10000 instead of 1 mM PNIPAM10000 were necessary for DSC measurements to

ensure a sufficiently high signal to noise ratio. Solutions contained the following amount of PW?:

- Solution (a): 2 mM PNIPAM10000 — 0 mM PW?* (homogeneous and transparent at room
temperature)

- Solution (b): 2 MM PNIPAM 10000 — 0.5 mM PW? (homogeneous and transparent at room
temperature)

- Solution (c): 2 mM PNIPAM10000 — 2 mM PW?* (homogeneous and transparent at room
temperature)

- Solution (d): 2 mM PNIPAM10000 — 5 mM PW?* (not homogeneous but two-phasic at

room temperature)

Two major features of the DSC peaks upon the addition of PW? are observed: (i) a shift of the
exothermic peak to higher temperatures confirming a significantly elevated LSCT and (ii) a decrease
and broadening of the exothermic peak. The exothermic peak corresponding to the liquid-liquid
phase separation of PNIPAM and H.O is slightly shifted from 33 °C (visual observation) to 36 °C due
to the fast heating rate of 7.5 °C/min. Upon addition of PW?, the exothermic peak is slightly shifted
to higher temperatures (40 °C for 2 mM PW?) and the absolute amount of released heat decreases

upon the addition of PW?>".
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Figure S 6-3: NMR resonance signals of 1 mM PNIPAM10000 in the presence of 0, 2.5, 5, and 10
mM PW? (from top to bottom and qualitative assignment of the hydrogen atoms of the repeating
unit to the resonance signals. Note that the spectra are normalized according to intensity of the
most intense peak.

All resonance signals are assigned to hydrogen atoms of the PNIPAM polymer, see Figure S 6-3.
The proton of the amide group could not be detected. Three major changes of the PNIPAM reso-
nance signals are observed upon the addition of PW?" (i) the overall intensity decreases upon the
addition of PW? (not shown), (ii) the half width of all signals becomes broader. Furthermore, (iii) the
resonance signal of the isopropyl group overlays the resonance signal of the -CH,-CH- backbone.
The decrease of the overall intensity is due to the acidity of the solutions containing PW?", which is
a well-known effect leading to a faster exchange of protons. The increase of the half width of
resonance signals is due to (slower molecular motions of the PNIPAM macromolecules due to a
more viscous solution or) strong interactions between the PW?" anion and the hydrogen atoms of
PNIPAM which makes the relaxation of the magnetic moment more efficient. This leads to shorter
relaxation times t. (Halfwidth =1/(i+t.)). The line broadening of the isopropyl-signal can be ex-

plained by a restricted mobility of the hydrogen atoms.
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Figure S 6-5: SAXS spectra of mixtures of 1 mM PNIPAM5000 and PW?",
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Figure S 6-7: Cryo-TEM micrograph of a mixture of 1 mM PNIPAM2000 and 5 mM PW?. PW*
/PNIPAM2000 globular objects have a maximum of the size distribution at 10-11 nm. The size of
the particles was measured using the Image) software (version 1.52d).
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Figure S 6-10: (a) Scattering curves of 1T mM PW? and mixtures of 1 mM PNIPAM10000 - 1 mM
PW3 and 1 mM PNIPAM10000 - 1 mM Siw*. The green curve represents the P(q) of Siw* and PW?*
which is considered to be equal for both. (b) S(g) of 1 mM PW?", 1 mM PNIPAM 10000 - 1 mM PW?*
and 1 mM PNIPAM10000 - 1 mM SiWw* obtained by dividing the scattering curves by the P(g) of
PW3/SiW*. The PW*-PW? average distance within the PW?*/PNIPAM assemblies is 1.05 nm indi-
cated by a correlation peak at g = 5.99 nm™. Hence, PW? is packed densely in globular assemblies

formed by 1 mM PNIPAM 10000 and 1 mM PW?. No correlation peak is obtained for supramolecular
assemblies formed by PNIPAM10000 and SiW* indicating that a dense packing of Siw* is not pos-

sible.
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Figure S 6-11: Guinier fits of the SAXS spectrum of 1 mM PNIPAM10000 - 1 mM PW? - 100 mM
NaCl and of the SANS spectrum of 1 mM PNIPAM10000 - 1 mM PW? corrected by the inter -

globule S(g).
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Figure S 6-12: (a) Scattering curves of 5 mM PW?" and a mixture of 1 mM PNIPAM10000 - 5 mM
PW?. The black line represents the P(g) of PW?. (b) The S(g) of 1 mM PNIPAM10000 - 5 mM PW?*
is obtained by dividing the scattering curve by the formfactor P(g) of PW?". The PW*-PW? average
distance within the PW3/PNIPAM assemblies is 1.00 — 1.03 nm indicated by a correlation peak at
6.1 <g < 6.3 nm". Hence, PW? is packed densely in the 2D layer of the sheets formed by 1 mM
PNIPAM10000 and 5 mM PW?".
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Figure S 6-13: LCST of PNIPAMx000 (x = 2, 5, 7, 10) plotted as a function of (i) the PNIPAMx000
(x=2,5, 7, 10) concentration, i.e. 1 mM or 2 mM, and (ii) as a function of c(PW?) from 0 to 6 mM.
Error bars represent the error of the LCST by detection with visual inspection.
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Table S 6.1: Comprehension of parameters extracted from the CP increase in Figure S 6-13. The
curves were fitted with the following equation: LCST = LCST(PNIPAM) + (Bmax®Kaec(PW?)) / (1 +
Kaec(PW?)).2% No direct relation between number of repeating units of PNIPAM to the number of
PW?3" and its impact on the LCST of PNIPAM could be found.

PNIPAM2000 PNIPAM5000 PNIPAM7000 PNIPAM 10000
ToM 2mM 1TmM 2mM 1TmM 2mM 1TmM 2mM

Repeating units per

18 44 62 88
PNIPAM
length of fully extended

5 11 16 23
PNIPAM / nm
Thickness of sheets / nm - 5-6 6-7 8-9
LCSTmax / °C 56.5 47 41 37 47 41 48 43
CrestmaxPW?) /- mM 0.42 0.42 0.5 0.5 2.25 3 3 3
Brmax / °C 30.7 31.2 85 5.34 17.6 13.7 20.6 20.8
Ka/ mM™’ 6.9 1.8 83 5.6 2.4 0.7 2.1 0.4
(Monomerpnipam)/PW? at

43 86 88 176 28 41 29 59

LCSTmax
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7 Structuring of Hydrotropes in water

7.1 Preface and Abstract

This chapter was published in the peer-reviewed Journal Physical Chemistry Chemical Physics (PCCP)
of the publisher Royal Society of Chemistry (DOI: 10.1039/C6CP06696H, this is also where the elec-
tronic supplementary information (ESI) can be found).

Thomas Buchecker and Sebastian Krickl contributed equally to the experimental work and to the

writing of the manuscript:

. Dynamic light scattering was performed by Sebastian Krickl

. Small-and-wide-angle-X-ray-scattering was performed by Thomas Buchecker

. Conductivity measurements were performed by Thomas Buchecker, Sebastian Krickl and
Robert Winkler

. Recording of phase diagrams and optical density measurements: performed by Sebastian

Krickl and Robert Winkler

. Small-angle-neutron-scattering was performed by Thomas Buchecker and Dr. Isabelle Grillo

. Data analysis and writing of the paper was performed by Thomas Buchecker and Sebastian
Krickl

. Dr. Pierre Bauduin, Dr. Didier Touraud. Prof. Dr. Arno Pfitzner and Prof. Dr. Werner Kunz

contributed with fruitful discussions and supervised the experimental work and improved

the manuscript (MS)

Abstract: In the present chapter, the pre-structuring of binary mixtures of hydrotropes and H,O is
linked to the solubilisation of poorly water miscible compounds. 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 dissolved. Very weak pre-structuring is found for ethanol/H,O
and 2-propanol/H,O mixtures. Pre-structuring is most developed for binary 1-propanol/H,0 and tert-
butanol/H.O mixtures and supports the model of a bicontinuity of alcohol-rich and water-rich do-
mains as already postulated by Anisimov et al. Such a pre-structuring leads to a high solubilisation
power for poorly water miscible components (limonene and Disperse Red, characterized by high
octanol/water partition coefficients, log(P) values of 4.5 and 4.85), whereas very weak pre-structur-
ing leads to a high solubilisation power for slightly water miscible components (benzyl alcohol). This
difference in solubilisation power can be linked to (i) the formation of mesoscale structures in case
of ethanol and 2-propanol and to (ii) the extension of pre-structures in case of 1-propanol and tert-
butanol. Three different solubilisation mechanisms could be identified: bulk solubilisation, interface

solubilisation and the combination of both. These supramolecular structures in binary and ternary
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systems were investigated by small angle X-ray and neutron scattering, dynamic light scattering and

conductivity measurements (in the presence of small amount of salt).
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Figure 7.1: TOC illustrating the different modes of solubilisation of a ternary compound in (un-)
structured binary solvents

7.2 Introduction

Ternary systems comprising a short chain amphiphilic molecule (hydrotrope) and two immiscible
liquids, with both of them being fully miscible with the hydrotrope, are considered as powerful
solubilisation media" and exhibit anomalies concerning enzymatic reactions* and vapour pres-
sures. The existence of well-defined mesoscale inhomogeneities in macroscopically transparent
solutions was shown to be responsible for such unexpected behaviour. Such mesoscale inhomoge-
neities and compartmentation phenomena of oil-rich and water-rich domains are comparable to
the micro-domains observed in water/oil/surfactant ternary systems (direct-, bicontinuous- and re-
verse-microemulsions) as shown by scattering techniques, molecular dynamics simulations (MD sim-
ulations) and conductivity measurements.”? Only recently, Zemb et al. provided an extended
Dejaguin-Landau-Verwey-Overbeek theory (DLVO) as a general explanation for the existence and
thermodynamic stability of such surfactant-free microemulsions (SFME). This extended DLVO theory
describes the subtle balance between entropy, i.e. homogenous mixing of the three components,
and enthalpy, i.e. hydrophobic effects between two immiscible fluids causing micellar-like aggrega-
tion 1"

Hydrotropes play a major role in the mesoscale solubilisation phenomena of SFME. The concept of
hydrotropy, defined by C. Neuberg in 1916,'" outlines the capability of short chain amphiphilic
molecules to solubilize hydrophobic compounds in a hydrophilic solvent. In SFME showing the com-

partmentation of hydrophilic and hydrophobic domains, the hydrotrope accumulates mostly at the
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interface between water-rich and oil-rich domains as deduced from contrast variation experiments
with small angle neutron scattering (SANS) and MD simulations. The interface between the oil- and
water-rich domains is usually considered as some sort of highly flexible film in dynamic exchange
with the surrounding medium.""'?

When using hydrotropes, as in the case of SFME, the solubilisation of hydrophobic compounds in
water is only significant at higher hydrotrope concentrations, typically above c(hydrotrope) > 0.2-
0.5 M, which may be compared to surfactants for which solubilisation appears above the critical
micellar concentration c(surfactant), which is typically > 10°-102 M. As a rule of thumb, the solu-
bilisation by hydrotropes starts in the concentration range (c > 1 M), where the average distance
between hydrotrope molecules become smaller or in the order of the molecular size (~ 1 nm), en-
couraging molecular contact between hydrotrope molecules (cluster formation) and between hy-
drotrope and the hydrophobic component to be dissolved.!"®

In contrast to surfactants, the amphiphilic character of hydrotropes is usually considered to be not
enough pronounced to promote micellisation or self-aggregation of the hydrotrope itself in water."™
Nevertheless, some hydrotropes, such as tert-butanol, are known to form clusters in water and thus
produce heterogeneities in the sub-nanometer (molecular) or nanometer range.'” Only recently,
the group of Shimizu et al. developed an approach to describe hydrotropic solubilisation theoreti-
cally."®2" This approach derived from pure statistical thermodynamics uses the exact Kirkwood Buff
theory to describe cooperative phenomena in hydrotropic solubilisation such as (i) the sudden onset
of solubilisation of hydrophobic compounds in H,O (commonly referred to as MHC) or (i) solubility
saturation of hydrophobic compounds at high hydrotrope concentrations. In a nutshell, they con-
sider hydrotropic solubilisation to be the result of a subtle balance between solute-hydrotrope in-
teraction and hydtrotrope-hydrotrope interaction. In other studies, the authors argued that strong
hydrotrope-hydrotrope interactions resulting in a pre-structuring of the hydrotrope in H,O, diminish
the solubilisation efficiency of solutes.'?#?% As we will show here, things are even more complex.
Already a vast number of publications have focussed on the microscopic inhomogeneities of short
chain alcohols in H,0.2439 The microscopic structuring in these binary mixtures is mostly attributed
to the hydrophobic hydration of non-polar aliphatic chains of the alcohols and a highly dynamic
network of hydrogen bonds between alcohols and H,0.""*! Anomalies concerning permittivity, sur-
face tension, self-diffusion coefficients, structuring, etc. are most pronounced for tert-butanol-H,O
mixtures as tert-butanol provides the largest aliphatic chain among fully water-miscible alcohols.>
38,40,41]

The goal of this work is to link such molecular inhomogeneities in binary alcohol/H,O mixtures to
the mesoscale solubilisation of a third hydrophobic component, called “third component” hereafter.
To establish this link, it is essential to understand the origin of the compartmentation of water- and

oil-rich domains in the ternary systems. Three questions are essential in this context:
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(i) Do the pre-structuring and microscopic inhomogeneities of the hydrotrope in the binary
system alcohol/H,O have an influence on the structuring of the ternary system?

(ii) Is the structuring in SFME caused by the hydrotrope or by a third, (more) hydrophobic com-
ponent?

(iii) Does the mesoscale solubilisation mechanism of the third, hydrophobic component depend

on its hydrophobicity?

Hence, it is necessary to understand the structuring of short chain alcohols in water as a function
of increasing aliphatic moiety of the alcohol. We extend the pioneering studies by M. Anisimov and
M. Sedlak on the mesoscale solubilisation of a third component in pre-structured binary mixtures
tert-butanol/H,0'*'74? to the homologous series of alcohols and to other hydrophobic compounds.
To this purpose, we investigate the structuring of ethanol (EtOH), 1-propanol (NPA), 2-propanol
(IPA) and tert-butanol (TBA) in water with conductivity measurements and scattering techniques.
The structuring in the binary alcohol/H,O mixtures is related to its impact on the mesoscale solubili-
sation of a third hydrophobic component, i.e. benzyl alcohol, limonene and an azo dye, Disperse
Red 13 (DR-13). As we will show, the observed differences in solubility are the consequence of

different solubilisation mechanisms.

7.3 Experimental

Materials. Ethanol (purity = 99.8%), acetone (= 99.5%), 2-propanol (= 99.8%), 1-pentanol (= 99%),
(R)-(+)-limonene (97%, ee: 98%), dodecane (= 99%) and Disperse Red 13 (DR-13, dye content 95%)
were purchased from Sigma-Aldrich (Steinheim, Germany). Sodium bromide (= 99.99%), 1-propanol
(= 99.5%), benzyl alcohol (= 99%) were purchased from Merck (Darmstadt, Germany) and tert-
butanol (= 99%) from Carl Roth (Karlsruhe, Germany). Sodium dodecyl sulfate (SDS, = 99%) was
purchased from Applichem (Darmstadt, Germany).

All chemicals were used without further purification. Aqueous solutions were prepared using deion-
ized water with a resistivity of 18 MQ-cm.

DLS. DLS spectra were recorded using a temperature controlled CGS-3 goniometer system from
ALV (Langen, Germany) equipped with an ALV-7004/FAST Multiple Tau digital correlator and a ver-
tical-polarized 22-mW HeNe laser (wavelength A = 632.8 nm). Before starting the measurement, all
samples were filtered into dust-free cylindrical light scattering cells (10 mm outer diameter) using a
0.2 ym PTFE membrane filter. The sealed measurement cells could be directly placed into the meas-
urement apparatus. Measurements were performed at a scattering angle of 90° after thermostating
to 25 + 0.1 °C. Data points were collected for 300 s. Aggregates in SFME are usually highly fluctu-

ating and of no well-defined shape. Hence, we renounced calculations of the exact hydrodynamic
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radii. Instead, the DLS spectra were evaluated qualitatively with regard to their correlation coeffi-
cient and their lag time and an estimate of the size of the microscopic inhomogeneities is provided.
(As a rule of thumb, it was assumed that a higher intercept of the correlation function for small lag
times and larger lag times of the correlation function represent the more time-stable and more
pronounced structuring inside the solution.)

SAXS. See chapter 4.3

Conductivity. Conductivity measurements were carried out in a thermostated measurement cell
(25 + 0.2 °C) under permanent stirring using a low-frequency WTW inoLab Cond 730 conductivity
meter connected with a WTW TetraCon 325 electrode (Weilheim, Germany). 20 g of each sample
(pure hydrotrope or hydrotrope/benzyl alcohol mixtures of different mass fractions) was filled in the
measurement cell and successively diluted with pure water. Each sample contained in addition 0.2
wt% sodium bromide to ensure a sufficient amount of charge carriers, which did not noticeably
affect the microstructure or the miscibility gap present in the phase diagram. In cases where sodium
bromide did not dissolve completely, a small amount of water was added to the pure hydrotrope
or hydrotrope/benzyl alcohol mixture before the measurement was started. In addition, conductivity
measurements of a classical SDS based microemulsion system were carried out for comparison. For
this purpose, a mixture of SDS, 1-pentanol, dodecane and water was used as a starting solution
with 9 wt% water, a mass ration of SDS to 1-pentanol of 1 : 2 and a mass ration of oil to total
surfactant of 21 : 79. The conductivity curve was determined as described above.

UV-VIS. The solubilisation of DR-13 in different hydrotrope/water mixtures was determined by op-
tical density (OD) measurements via UV-Vis measurements. Saturated solutions of DR-13 in hy-
drotrope/water mixtures of different mass fractions were prepared. For this purpose, an excess of
DR-13 was added to the mixtures. After equilibrating the solutions under intense stirring for 7 days,
excess dye was removed by filtration using a 0.2 pm PTFE membrane filter. OD measurements were
carried out at A =525 nm in 10 mm path length cells using a Lambda 18 UV-Vis spectrometer from
Perkin Elmer (Waltham, USA). Samples with an absorbance higher than 1 were diluted with an
appropriate amount of acetone before the measurement. The initial absorbance was calculated by
using the respective dilution factor. In addition, a standard curve of DR-13 in acetone was measured

to further calculate the amount of DR-13 dissolved by a given amount of hydrotrope.

7.4 Results and Discussion

7.4.1 Binary mixtures
Scattering experiments. In order to get a first insight into the structuring of binary mixtures alco-
hol/water, DLS measurements were performed. Correlation functions obtained by DLS measure-

ments are shown in Figure 7.2.



Structuring of Hydrotropes in water

112

( a) 04+ | —=— EtOH/H,0 (10/90) (b) 044 ——IPAH,0 (10/90)
j —o— EtOH/H,0 (20/80) ; —o— IPAVH,0 (20/80)
i | —+— EtOH/H,0 (30/70) i i —+—IPAH,0 (30/70)
7 | - EtOH/H,0 (40/60) w A ——IPAH,0 (40/60)
= &" 1 —e— EtOH/H,0 (50/50) § +— IPA/H,0 (50/50)
S \l g S s
£ 024 ‘ J l EtOH/H,0 (60/40) 2 gl IPAIH.O (60/40)
o ] ——EtOH/H,0 (70/30) < ; —+—IPAH,0 (70/30)
2 EtOH/H,0 (80/20) ! L —— IPAH,0 (80/20)
2 o1l +— EtOH/H,0 (90/10) 2 014 L 58 —+—IPAH,0 (90/10)
® © T i
5 < F !
© 8 st
0.0 0.0 el
plh % ! ' KU
P I
T T T T T T T T 1
1E-5 1E-4 1E-3 0.01 0.1 1 1E-5 1E-4 1E-3 0.01 0.1 1
Time / ms Time / ms
(c) 0.5+ —«—NPAH,0 (10/90) (d) 0:84 +— TBAH,0 (10/90)
A —=—NPAH,0 (20/80) . ——TBAMH,0 (20/80)
0.4 \ —+— NPAH,0 (30/70) 044 A~ —+—TBA/H,0 (30/70)
- ——NPA/H,0 (40/60) - i ——TBA/MH,O (40/60)
2 03] + NPAMH,0 (50/50) S gl —+—TBAH,0 (50/50)
&_k_j : —— NPAH,0 (60/40) g_—j ' TBA/H,O (60/40)
g —+—NPAH,0 (70/30) 2 —+—TBAMH,0 (70/30)
¢ 02 ——NPA/H,0 (80/20) < 024 — TBA/H,O (80/20)
2 ——NPA/H,0 (90/10) 2 ¢ —v— TBA/H,0 (90/10)
[ © 3
© 014 T 0.1
£ £
o o
o (&)
0.0 0.0
II T T i § 1 T T
1E-5 1E-4 1E-3 0.01 0.1 1 1E-5 1E-3 0.01
Time / ms Time / ms

Figure 7.2: Self-correlation functions obtained by DLS measurements at 25 °C for the binary sys-
tems (a) EtOH/H,0, (b) IPA, (c) NPA and (d) TBA. The symbols refer to different mass ratios of alcohol
to H-0.

EtOH and IPA do not show significant correlations over the whole miscibility range, whereas corre-
lations exist in the NPA/water and TBA/water systems indicating the presence of fluctuating struc-
tures. Correlation functions are most pronounced for concentrations ranging from 30 to 50 wt% in
NPA and in TBA. The decays in the autocorrelation function for TBA/H,O mixtures appear at longer
lag times compared to the system NPA/H;O. This indicates that the fluctuating structures are larger,
with lower diffusion coefficients, in the TBA/water mixtures than in the NPA/water system. No cor-
relation functions were measured for EtOH/H.O and IPA/H,O mixtures in the whole concentration
range. Nevertheless, it is well known that in EtOH/H,O mixtures cluster formation and inhomoge-
neous mixing are observed.'?*?"1 However, these types of structuring appearing at the small molec-
ular scale would produce too fast fluctuations, i.e. with high diffusion coefficients, in EtOH/H,O and
IPA/H,O systems to be detectable by DLS. As the DLS auto-correlation functions are most pro-
nounced for TBA/water mixtures, additional SWAXS and one particular SANS measurement were

performed for this system, see Figure 7.3 and Figure S1 in the ESI.
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Figure 7.3: SWAXS spectra of the binary mixture TBA/H,O. Symbols indicate the different mass
ratios of TBA to H,O. Points (i-iv) denote the different features found in the spectra.

Four features can be observed in SAXS spectra, assigned to (i-iv). A correlation peak (i) is observed
at 20 nm™, originating mainly from the O-O pair correlations in the H-bonding network of H,O. This
peak does not significantly shift in position and decreases in intensity as the amount of water de-
creases.

Another correlation peak (ii) is found at 10.5 nm™, corresponding to the pair correlations between
aliphatic chains. This peak also does not overcome any shift in position and its intensity depends on
the TBA concentration. For TBA concentrations above 70 wt%, a correlation peak (iij) emerges at
5-7 nm™', which corresponds to average distances between 0.9 and 1.3 nm. This peak can be at-
tributed to the pair-correlations between hydroxyl groups of TBA as its intensity increases with the
TBA content. The peak (iii) shifts to lower g - values with increasing water concentration indicating
a swelling of the H-bond network, formed by the TBA hydroxyl groups, by the added water. Fur-
thermore (iv), a significant excess of scattering is observed in the low-g range (g <5 nm™) for 40,
50 and 60 wt% of TBA with a maximum I(g—0) intensity for 40 wt%. It has been noticed that the
low-g scattering is only observed in the absence of a correlation peak of the alcohol -OH groups
(iii)). The existence of low g-scattering in small angle scattering experiments indicates the existence

of a meso-structured system."®'? Curves exhibiting low g-scattering were fitted with an Ornstein-
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Zernike (OZ) formalism to determine the correlation length of different compositions. Correlation
lengths of 0.6 nm (60/40 TBA/H,0), 0.7 nm (50/50 TBA/H,0) and 0.8 nm (40/60 TBA/H,0) were
found. The scattered intensity is rather constant for g < 1 nm™ indicating the presence of struc-
tures/inhomogeneities with a size around 6 nm.

SANS measurements on one particular composition, i.e. 40/60 TBA/D,0, confirm the results ob-
tained by SWAXS, see Figure S1. The existence of low scattering again indicates the presence of a
structured system. Fitting the curve with an OZ fit yields a correlation length of 0.7 nm, which is
approximately the same as obtained for SWAXS for this composition (0.8 nm). The slight difference
of the correlation length obtained from SWAXS and SANS can be ascribed to the different scattering
contrasts of SWAXS and SANS. Therefore, SWAXS and SANS experiments support results obtained
by DLS: the existence of a structured system in the binary mixture TBA/H,O with microscopic inho-
mogeneities in the order of 4-6 nm. The structuring is most pronounced between 30 and 50 wt%
of TBA. To further investigate the structuring of binary mixtures alcohols/H,O, conductivity meas-
urements were performed.

Conductivity measurements. Conductivity measurements provide detailed information on the
mobility of charge carriers and yield insight to the structuring of a system for example for surfactant-
stabilised microemulsions.34¢47 Conductivity measurements in surfactant-stabilised microemul-
sions are a well-known and common method to distinguish between regions of O/W, W/O and
bicontinuous microemulsions.”*! The results of conductivity measurements as a function of the
alcohol/H,O mass and mole fraction, respectively, are depicted in Figure 7.4. All curves show a
more or less pronounced increase for low water content. With increasing water content, a maxi-
mum is reached before the conductivity decreases again due to excessive dilution of the present
charge carriers. The slope of increase in conductivity and sharpness of the maximum is rising in the
following order: TBA > NPA =~ IPA > EtOH.

Conductivity was also measured for a classical SDS-based microemulsion, see Figure 7.4c. Such
systems show a flat rise at low water content, followed by a change in slope passing over into a
strong linear increase of conductivity (point T1 in Figure 7.4c¢) with increasing water content. After
this linear increase, the slope of the curve starts to decrease again (point T2) and passes a maximum
(point T3). For structured solutions — as it is the case for microemulsions — these changes in conduc-
tivity are explained by transitions between O/W, bicontinuous, and W/O microemulsions. A W/O
microemulsion is present for low water content and causes a low conductivity. With increasing
water content, percolation of water droplets is observed, causing the formation of conducting water
channels by merging water droplets, which leads to a significant change in the slope (Point T1).
Further, point T2 marks the transition to an oil-rich bicontinuous microemulsion. A subsequent tran-
sition to a water-rich bicontinuous microemulsion is observed upon addition of H,O. The maximum

of conductivity represents the presence of an extended water-rich bicontinuous phase (Point T3).
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For very high water contents (x > 0.9), a O/W microemulsion is formed and dilution effects prevail,

causing conductivities to decrease.

(a) 350+ r m-u-m .,,._.... (b) 350 omee TR w .
1 .y 1 o ™
3004 ..::lllﬁ:““"'\. 300
* oy k)
q _.0 N 0...0‘ 4
£ 250 P g £ 250
w * e . B =
1 * A,A o 2 .
< 2004 A A . < 200 ¢ -
.‘? hd rg ¢ *? 4 * e
= : . =
£ 150 ~ . 5 1504 4
3 1y 3 I -
c c
§ 100+ » = EIOH § 100 = EtOH >
1 o’ {1 + NPA o/
, + NPA -,
50+ s IPA 504 4 IPA
4 L] 1 * Vi
« TBA © TBA
O T T T T T T T T T T T T T T T T T 1 0 T T T T T T T T T T T T T T T T T T T T 1
00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10
w(Water) x(Water)
1.2
(c) /
T2 .
1.0 ! 11'5
-/- T3i“
g 0.8 "
a | |
2 064 .
£ 0 /
g / %
k] [T
g 0.4 ,-f7/ 1
o/
0.2+ /l/ /
g /
L
. /
0.0+ |.7l'...|.. T T T T 4 T T T T 1
0.4 0.5 0.6 0.7 0.8 0.9 1.0
x(Water)

Figure 7.4: Conductivity measurements at 25 °C for binary mixtures of H,O and EtOH/IPA/NPA/TBA
plotted in (a) weight and (b) mole fractions of H;O. In order to ensure measurable conductivities,
0.2 wt% of NaBr were dissolved in the pure alcohol phase for EtOH, NPA and IPA and in a 10 wt%
(H20) for the TBA binary system. (c) Conductivities measured at 25 °C for the system H,0O, SDS, 1-
pentanol, dodecane. Point T1 marks the point of transition to percolative behaviour of W/O micro-
emulsions and points T2 and T3 mark the transitions from W/O to oil-rich and to water-rich bicon-
tinuous microemulsions.

Comparison of the conductivity curve of this SDS system with the curves of TBA and NPA (Figure
7.4b and c) shows many similarities regarding the range of increase, the percolation behaviour and
the decrease in conductivity for high water contents. The maximum of conductivity for NPA/H,O lies
in a range of approx. 75-90 mol% water content and for TBA of approx. 85-95 mol% water content.
This maximum of conductivity coincides with the highest correlation coefficients in DLS and the
strongest signal in low g of SWAXS. It is also well known for TBA/H,O that the binary mixture

displays two eutectics, one of them being located at 94 mol% H,O, which also coincides with the
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range of maximum of conductivity.“® It was found that thermodynamic anomalies and inhomoge-
neous mixing are most pronounced for this composition even at temperatures above the deep eu-
tectic temperature. The presence of a percolation threshold around 40 mol% HO in case of TBA
and the conductivity behaviour, see points T1, T2, T3 in Figure 7.4b, similar to the SDS system lead
to the conclusion that the structuring TBA/H,O is similar to the structuring of H,O/SDS/1-Penta-
nol/Dodecane. Therefore, we propose the presence of a bicontinuity of water-rich and TBA-rich
domains, as already suggested by the research group of Anisimov et al. for the ternary system
H,O/TBA/propylene oxide, based on MD simulations and the observation of mesoscale inhomoge-
neities.*? However, conductivity measurements here suggest the formation of a bicontinuous phase
already in the binary mixture TBA/H,O. Apparently, this bicontinuous structuring behaviour is not
only restricted to TBA, but is also observable for aqueous NPA mixtures, as suggested by DLS meas-
urements, although to a much smaller extent.

The conductivity curve of EtOH differs strongly from the conductivity curves of IPA, NPA TBA and
SDS regarding the ranges of increase, decrease and the position of the maximum. The small con-
ductivity increase for low water contents might be explained by an enhanced ion dissociation as
well as a higher electrophoretic mobility in aqueous media. For increasing water content, the con-
ductivity decrease can be explained by excessive dilution of the charge carriers. Therefore, it is as-
sumed that microscopic inhomogeneities in case of EtOH are very weak and cannot be detected in
detail by conductivity measurements.

The conductivity of IPA is in between the conductivities of EtOH and NPA indicating a progressive
structuring with increasing aliphatic chain length. Therefore, EtOH/H,O is a good example of a
weakly structured system and TBA/H,O is a representative binary mixture of a system with pro-

nounced structuring.

7.4.2 Ternary mixtures

Solubilisation power of the hydrotropes for benzyl alcohol, limonene and DR-13. As dis-
cussed in the preceding section, scattering and conductivity experiments of the binary mixtures
reveal a trend of progressive structuring in the investigated series of fully water miscible alcohols:
EtOH < IPA < NPA < TBA.

In the next step, three different hydrophobic compounds were dissolved in binary mixtures alco-
hol/H.O0, i.e. benzyl alcohol, limonene and DR-13. The difference between these compounds is their
miscibility with water. Benzyl alcohol is slightly miscible with H,O. Limonene, as well as DR-13, are
poorly water miscible compounds. The realms of solubility in case of benzyl alcohol and limonene
and the OD as a measure of the solubility of DR-13 are shown in the ternary phase diagrams in
Figure 7.5.1°°% The solubilisation power of the alcohols in case of benzyl alcohol decreases in the
following order: EtOH > IPA > NPA = TBA, while phase diagrams with NPA and TBA are very similar.

The solubilisation power of the alcohols in case of limonene gradually increases in the following
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order: EtOH < IPA < NPA < TBA. Its miscibility with H;O is very poor (less than in case of benzyl
alcohol) and therefore the two-phase region is larger than in the case of benzyl alcohol. The solu-
bility of limonene in TBA/H,O starts to increase significantly at x(TBA) = 10 mol% (see Point T3 in
Figure 7.5) and at x(TBA) > 40 mol% the miscibility gap is closed. Furthermore, and most important,
the hydrotrope efficiency for the solubilisation of limonene is reversed compared to the solubilisa-

tion efficiency of the regarded alcohols for benzyl alcohol.
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Figure 7.5: Ternary phase diagrams for the systems (a) H,O/hydrotrope/benzyl alcohol and (b)
H,O/hydrotrope/limonene provided in mol%. (c) shows the results of the OD measurements of DR-
13 in H,O/hydrotrope mixtures given in mole fractions of hydrotrope. ODs were divided by the OD
value from the corresponding neat hydrotrope (ODnay). T1, T2 and T3 mark the transition points of
the binary system TBA/H,0O in mole fractions as determined in Figure 7.4b.

In case of the solubilisation of DR-13, the dissolved amount of DR-13 increases in the following
order: EtOH << IPA < NPA < TBA for hydrotrope contents x(hydrotrope) < 0.4. For hydrotrope con-
tents x(hydrotrope) > 0.4 the situation is different. Note that in case of the solubilisation of DR-13

in TBA/H;O, the solubility starts to increase at point T3 (remember: maximum of the water-rich
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bicontinuous phase in TBA/H,0). After point T3, the solubility of DR-13 increases linearly up to point
T1, where the slope of the solubility of DR-13 in TBA diminishes. All in all, the solubilisation power
of the alcohols for DR-13 follows the same trend as for limonene. However, comparing the results
of DR-13 solubilisation to the solubilisation of benzyl alcohol and limonene, there are huge differ-
ences regarding the absolute amounts of dissolved hydrophobic compound.

Discussion of the solubilisation mechanisms in ternary systems. As for the binary systems,
conductivity measurements were performed for several monophasic compositions of the ternary

system H,O/alcohol/benzyl alcohol, see Figure 7.6.
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Figure 7.6: Conductivity measurements at 25 °C for ternary mixtures of H,O/hydrotrope/benzyl
alcohol plotted in weight fractions of H.O. (The measurements were performed by diluting a binary
mixture hydrotrope/benzyl alcohol with H,O. The symbols refer to different mass ratios of hy-
drotrope to benzyl alcohol (BA) in the binary starting mixture hydrotrope/benzyl alcohol before di-
luting with H,O.

In these experiments, alcohol/benzyl alcohol mixtures of different compositions, expressed here in
mass percent of water, and in the presence of 0.2 wt% of NaBr were titrated with pure water.
Conductivities for H,O/EtOH/benzyl alcohol differ strongly from the conductivity curves obtained for
H.O/IPA/benzyl alcohol, H,O/NPA/benzyl alcohol and H,O/TBA/benzyl alcohol. For systems contain-
ing NPA, IPA and TBA, the shapes of the curves do not significantly deviate for ternary systems
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H.O/alcohol/benzyl alcohol from those of the binary system alcohol/H,O. The decrease of the initial
conductivity for w(H,0) = 0 only in case of increasing EtOH/benzyl alcohol ratio can be explained by
a higher charge mobility and enhanced ion dissociation. For EtOH and IPA, no or very weak struc-
turing is observed for their binary mixtures with H,O. The addition of benzyl alcohol and limonene,
respectively, induces the formation of a well-ordered system.>¢ Hydrophobic hydration and ag-
glomeration causes the hydrophobic compound to form clusters with accumulating the hydrotrope
mostly at the interface between the benzyl alcohol clusters and the water-rich domain. Conse-
quently, the solubility of the hydrophobic compound is enhanced with increasing hydrotrope con-
centration. This is in perfect agreement with the ideas forwarded recently 222357

However, in contrast to weakly structured EtOH/H,O and IPA/H,0, the situation is completely dif-
ferent for binary pre-structured TBA/H,O and NPA/H,O systems. As a bicontinuous structure is al-
ready given, the structure is not induced by the third component, but by the hydrotrope itself. Due
to the formation of a bicontinuous system, an aliphatic-rich domain as well as a water-rich domain
and a large area of interface is created.

In such a case of a pre-structured binary hydrotrope-water system, three possible solubilisation
pathways are possible: (i) solubilisation in the water-rich bulk phase (appears only for highly polar
solutes which are not considered here), (ii) solubilisation in the aliphatic-rich bulk phase and (iii)
solubilisation within the interfacial film between the aliphatic and water-rich pseudo-bulk phases,

see Figure 7.7.
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Figure 7.7: Schematic overview of the different solubilisation mechanisms and efficiencies of benzyl
alcohol, DR-13 and limonene in binary water/alcohol mixtures. Octanol/water partition coefficients
log(P) were taken from [54-56].

The aliphatic-rich bulk-like pseudo-phase permits the incorporation of large amounts of hydropho-
bic components. This is confirmed by the solubilisation power of the hydrotropes in case of limo-

nene, where TBA shows the highest solubilisation power and EtOH the lowest solubilisation power.
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Further indications are conductivity measurements for ternary systems H,O/alcohol/benzyl alcohol,
where the absolute conductivity of NPA and TBA is maintained, indicating the retention of the pre-
structures.

The SANS spectrum on one exemplary composition of a ternary mixture D,O/TBA/benzyl alcohol
(60/32/8 wt%) was compared to a SANS measurement of a binary TBA/H,O mixture (40/60 wt%)
to further support this fact, see Figure S1. The substitution of TBA by benzyl alcohol leads to a large
increase of the scattered intensity. Analyzing the correlation length of these curves (0.8 nm for the
binary mixture and 2.1 nm for the ternary mixture) indicates an enlargement of the correlation
length of the TBA/benzyl alcohol aliphatic rich phase. This implies that benzyl alcohol and certainly
also TBA is “driven” towards the aliphatic rich continuum which is “blown up” and causes an in-
crease of the correlation length. Therefore, the structure is reinforced by the addition of benzyl
alcohol.

However, in case of benzyl alcohol, the situation is somehow different to the case of limonene, as
it contains a hydroxyl group in addition to the aliphatic moiety. This leads us to the assumption that
benzyl alcohol is not only dissolved within the aliphatic-rich continuum, due to its low water misci-
bility, but may accumulate also at the interfacial film, similar to a co-surfactant. Another indicator is
the fact that TBA provides the lowest solubilisation power for benzyl alcohol in the series of EtOH,
IPA and NPA. In EtOH/H,O mixtures, benzyl alcohol induces the formation of mesoscale structures,
whereas in case of TBA/H,O mixtures, it intercalates into the given pre-structure. As soon as the
given pre-structure is completely “swollen up” and the interfacial film is saturated, further addition
of benzyl alcohol causes the system to collapse and to form two phases.

In case of the solubilisation of DR-13, the situation is again different from both the limonene and
the benzyl alcohol solubilisation, since DR-13 bears polar functional groups and an aromatic back-
bone much larger than that of benzyl alcohol. The solubilisation power of the hydrotropes in case
of DR-13 follows the same series as for limonene. However, a closer look at the amount of dissolved
DR-13 per amount of hydrotrope reveals a huge difference of the order of several orders of magni-
tude. Furthermore, DR-13 is assumed to be not capable to induce micro-structuring, as the overall
solubility in H,O and H,O/hydrotrope is too low. Therefore, the solubility in EtOH/H;O is very low.
However, as the solubility increases with progressive structuring of H,O/hydrotrope, we assume that
the difference in solubility is based on a completely different solubilisation mechanism as compared
to limonene. Instead of a bulk solubilisation within a hydrophobic mesoscale pseudo-phase, we
suppose DR-13 to be mostly dissolved within the interfacial film of the two pseudo-bulk phases.
This assumption is in good accordance with all observations, because an interfacial film provides
much less space than a bulky pseudo-phase for the solubilisation of DR-13. The solubility of DR-13
in TBA/H,O mixtures starts to increase at point T3 representing the maximum of the water-rich

bicontinuous phase, see Figure 7.4b, c. Beginning from T1 (representing the percolation threshold)
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the solubilisation power of TBA/H,O diminishes compared to the region T3-T1. It is assumed that
the interface of pre-structured binary alcohol/H,O mixtures is rapidly saturated for low concentra-
tions of DR-13. The further increase of the solubilisation of DR-13 for higher TBA contents (x(TBA)
> 0.4) may be ascribed to bulk solubilisation due to saturation of the interface. Hence, DR-13 may
preferentially solubilise at the interface in highly structured regimes of TBA 0.1 < x(TBA) < 0.4, pass-
ing over to a more bulk like solubilisation mechanism for higher TBA contents. A more detailed
analysis of the curve shapes clarifies these findings even better. A second-order differentiation of
the fitted curves reveals huge differences in the solvent character of the hydrotrope (see Figure S2).
In case of EtOH the curvature of the curve stays always positive over the whole miscibility range
whereas there is a negative curvature in the case of TBA in the range of approximately 0.23 < x(TBA)
< 0.6. This second order differentiation shows that EtOH possesses a more co-solvent character,
whereas TBA shows a hydrotropic behaviour when DR-13 is dissolved. The proposed interfacial
solubilisation mechanism is further supported by the fact that DR-13 has a very poor solubility both
in pure dodecane and pure water, which both do not provide an interface at all. As a consequence,

DR-13 is also scarcely soluble in poorly structured mixtures, such as EtOH/H,0.

7.5 Conclusion

We investigated the structuring of binary mixtures alcohol/H,O, where the alcohol is miscible with
H,O at any proportion, i.e. EtOH, IPA, NPA and TBA. DLS, SWAXS and conductivity measurements
revealed microscopic inhomogeneities in case of NPA/H,O and TBA/H,0. As in the case of micellar
systems, we infer from conductivity that these microscopic inhomogeneities are similar to direct or
reverse micellar solutions (meaning organic aggregates in water or water aggregates in an organic
pseudo-phase, respectively) and also, at some concentration ratios, to bicontinuous structuring with
rapidly fluctuating water-rich and alcohol-rich domains in equilibrium. In case of EtOH, no significant
structuring could be detected with our methods. IPA marks the transition from a weakly structured
system in case of EtOH to structured systems in case of NPA and TBA.

It is found that this pre-structuring of a binary alcohol/H,O system can be pivotal to the mesoscale
solubilisation of a third component. In case of unstructured binary EtOH/H.O and IPA/H0, a signif-
icant structuring is induced upon the addition of a third poorly water miscible component, i.e. lim-
onene and benzyl alcohol. Up to now, this solubilisation mechanism is considered to be dominant
and fundamental in SFME, as in case of the well-studied system H,O/EtOH/1-octanol.!271252%3 |t was
further argued that this structuring induced by the addition of the third, hydrophobic component,
is crucial for a pronounced solubilisation power of the hydrotrope.?22*" And indeed, the lower the
pre-structuring in the binary hydrotrope-water mixture, the less hydrotrope is required to make

benzyl alcohol water-miscible.
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However, as we demonstrate here, hydrotropic solubilisation is more complicated. Firstly, it is just
the other way around in case of limonene: the more pronounced the pre-structuring in the binary
hydrotrope-water mixture, the less hydrotrope is required to make the much more hydrophobic
(compared to benzyl alcohol) limonene water-miscible. Secondly, the more pronounced the pre-
structuring in the binary hydrotrope-water mixture, the lower is the minimum hydrotropic concen-
tration to dissolve the dye DR-13, a very hydrophobic compound that is nevertheless nearly insoluble
in both water and dodecane.

Two different solubilisation mechanisms can explain the hydrotropic solubilisation of very hydro-
phobic compounds: (i) pseudo-bulk solubilisation of hydrophobic compounds in the aliphatic-rich
moiety of pre-structured hydrotrope-water mixtures and (ii) interface solubilisation of hydrophobic,
but still slightly amphiphilic compounds in the interfacial film.

This leads to the conclusion that for solubilising a hydrophobic compound in an aqueous medium,
the choice of the alcohol (hydrotrope) depends primarily on the nature of the hydrophobic sub-
stance. For more hydrophilic compounds bearing polar functional groups, short-chained alcohols
are more favourable, which is in agreement with [22, 23, 51]. In order to solubilise hydrophobic
compounds without polar groups, structure-forming hydrotropes like TBA and NPA should be used
instead.

At a first glance, our conclusions may appear contradictory to recent statistical thermodynamic con-
siderations of hydrotropy."*" These state that the predominant driving forces of hydrotropic solu-
bilisation are (i) solute induced interactions between solute and hydrotrope molecules leading to a
solute-hydrotrope association. In contrast (ii) pre-structuring of hydrotropes (hydrotrope-hydrotrope
interactions) in water is considered to be rather obstructive for a good solubilisation of the solute.
Indeed, this holds true for solutes, which are able to interact with the hydrotrope due to the pres-
ence of polar functional groups, as it is the case for benzyl alcohol. For this case, our results are in
total agreement with results obtained by thermodynamic calculations. However, these statistical
thermodynamic studies by Shimizu et al. consider almost exclusively hydrotropes with polar func-
tional groups, e.g. ester functional groups. Yet, for very hydrophobic substances (as it is the case
for limonene), the situation becomes more subtle. In this case, the solute-hydrotrope interactions
are expected to be weaker and play no longer the dominant role since there is no functional group
to interact with the hydrotrope. Instead, it becomes more important that the highly hydrophobic
solute molecules can intercalate into a significantly hydrophobic, aliphatic pseudo-phase (as it is the
case for TBA in H,0), originated by the pre-structuring of the hydrotrope in water. For DR-13, we
found a similar trend for its solubility as for the solubilisation of limonene, but based on a different
solubilisation mechanism, due to its slightly amphiphilic character. Thus, the solubility depends on
the chemical nature of both solute and hydrotrope. Furthermore, we want to emphasize that in

addition to a different choice of solutes, the aforementioned studies by Shimizu et al. focus in most
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of the cases on completely different concentration ranges of solute and hydrotrope. They consider
a very low amount of solute in aqueous hydrotrope solutions. (This is important for the validity of
the Kirkwood-Buff theory used for statistical thermodynamic calculations in these studies). Thus,
our studies provide a more general and molecular-based model concept of hydrotrope solubilisa-
tion.

All in all, taking into account the different ways how structuring can be induced and how they
influence the involved solubilisation mechanisms, our picture of mesoscale solubilisation in ternary
systems becomes more general and more complete now. Microscopic inhomogeneities and com-
partmentation phenomena in SFME cannot only be induced by the addition of a third hydrophobic
component to a binary mixture H,O/hydrotrope, but can also have their origin in the pre-structuring

of binary mixtures alcohol/H,O0.
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8 The impact of hydrotrope structuring on a polyoxometalate

catalysed reaction

8.1 Preface and Abstract

This chapter was published in the peer-reviewed Journal Physical Chemistry Chemical Physics (PCCP)
of the publisher Royal Society of Chemistry (DOI: 10.1039/C7CP02134H, this is also where the elec-
tronic supplementary information (ESI) can be found).
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. Recording of phase diagrams: performed by Sebastian Krickl

. Small-angle-neutron-scattering: performed by Thomas Buchecker and Dr. Isabelle Grillo
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Prof. Dr. Werner Kunz contributed with fruitful discussions and supervised the experimental

work and improved the manuscript.

Abstract. In this contribution, we (i) link the mesoscopic structuring of the binary structured solvent
mixture H,O/tert-butanol (TBA) to the kinetics and the efficacy of the oxidation of benzyl alcohol
(BA) to the corresponding aldehyde catalysed by HsPMo1oV,04. We also compare the catalytic effi-
cacy of this reaction in the mesoscopically structured solvent H,O/TBA to an unstructured (or very
weakly structured) solvent H.O/ethanol (EtOH). In this context, we (ii) also give a methodological
outline on how to study systematically the catalytic efficacy of chemical reactions as a function of
the mesoscale structuring of a binary solvent. We demonstrate that the obtained yields of benzyl

aldehyde depend on the type of mesoscopic structuring of the binary solvent H,O/TBA. An elevated
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catalytic performance of at least 100% is found for unstructured binary mixtures H,O/TBA compared
to compartmented binary mixtures H,O/TBA. We conclude that compartmentation of both the or-
ganic substrate and the catalyst in TBA and water-rich micro phases seems to be unfavorable for

the catalytic efficacy.

Statistically distributed binary solvent Compartmented binary solvent

Catalyst-reactant contact probability : high Catalyst-reactant contact probability : low

Figure 8.1: TOC illustrating the compartmentation of the POM catalyst and the benzyl alcohol
reactant in a compartmented binary solvent. This compartmentation has a huge impact on the cat-
alyst-reactant contact probability and the yield of the oxidation product of benzyl alcohol, i.e. benzyl
aldehyde.

8.2 Introduction

The focus in synthesis and catalysis is often on the understanding of the reaction mechanism of
isolated, i.e. molecularly dissolved, reacting molecules. In practice, such a situation can only be re-
alized in gas phase reactions. However, most reactions are carried out in solutions using a neat one-
component solvent or a mixture of solvents. It is well known that a change of the solvent and the
solvent (-solute) structure leads to large differences in yields and in stereoselectivity of the desired
products.”# Up to now, a common method to find the best solvent that leads to preferably high
yields and/or the desired stereoselectivity is to screen the reaction in several solvents/solvent mix-
tures. It is evident that solvent screening inevitably requires considerable and time-consuming ef-
forts. The obtained yields are then usually discussed merely in terms of solvent and solute polarity
or polarizability or other molecular parameters. However, mesoscopic organization is often ne-
glected in the context of chemical reactions, but solvent-structuring effects may play an important
role in chemical reactivity.

Yet, the origin of solvent induced effects on reactivity of organic compounds is not trivial and com-
prises plenty of different aspects, like hydration, solvation and hydrophobic effects,>” oligomer

formation,“® as well as transport properties like diffusion®'™ and viscosity."” Another important
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point is certainly the formation of mesoscale inhomogeneities or surfactant-free microemulsions
(SFME) in the case of binary and ternary solvent mixtures, respectively. In recent studies and reviews,
it is claimed that chemical reactivity in solutions is not (solely) related to the molecular nature of the
solvent, but may also depend on the mesoscopic structuring of the system (solvents + reagents).
Slight changes in this subtle solvent organisation may lead to very different reactivity patterns.2
Recent studies in the field of mesoscale structuring of liquid binary and ternary mixtures unveiled
new aspects for the understanding of spontaneous self-assembly and weak interactions in struc-
tured liquids.l'>?% Even in macroscopically homogeneous binary mixtures (e.g. HO/TBA), it was
found that compartmentation into hydrophilic and hydrophobic domains can be present with sig-
nificant consequences for several thermodynamic properties, like vapour pressure, apparent molar
volume, viscosity or solubilisation power.?'"2 |t should be stressed that these interesting features
allow new applications in research and industry.l?"24-2¢l Nevertheless, studies on the impact of these
mesoscale structuring on reactivity are still rare. Although first investigations on structure-reactivity
relationships in SFMEs go back to the late 1980s, when Khmelnitsky et al. investigated enzymatic
reactions in SFME, few researchers continued in this field, mostly due to lacking experimental access
to structural information on the microemulsion systems. In these pioneering studies, large differ-
ences in the enzymatic activity were found, depending on the composition of the ternary reaction
medium consisting of water/2-propanol/n-hexane, and the different enzymatic activities were re-
lated to the presence of mesoscale inhomogeneities in the SFME.?"" Besides, there is only a small
number of studies focusing on the influence of the solvent-, solvent-solute- or solute-structuring on
the chemical reactivity patterns.2-467.32-3

Regarding these studies, it sounds reasonable that compartmentation phenomena (such as the
mesoscale separation of substrates or of catalyst and substrate) should have a strong impact on
chemical reactivity. Consequently, considering all this, in-depth studies of the structure-reactivity
relationship between solvent structuring and chemical reactions are essential for a future “tailor-

made” experimental design in chemical and biochemical synthesis.
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a)
OH o)
16 h, 25 °C =
blue LED 455 nm
>
HsPMo10V2040
air
b)

@ @ o ¢

Figure 8.2: a) Catalytic oxidation reaction of benzyl alcohol (BA) to the corresponding aldehyde

with the given parameters: 25 °C, 16 h, molecular oxygen as a sacrificial oxidizing agent and a blue
LED (455 nm, 1.2 W) to trigger the reaction. b) Structure of the catalyst: a-Keggin type polyoxo-
metalate PMo010V;040° (POM) anion.

In the present contribution, we (i) show, with the help of one exemplary reaction, the impact of the
mesoscale structuring on the chemical reactivity. For this purpose, we chose the visible light-medi-
ated oxidation of benzyl alcohol (BA), with atmospheric oxygen as terminal oxidizing agent and with
a photocatalytic active polyoxometalate HsPMo010V2040 (POM), as a simple model reaction, see Fig-
ure 8.2. Within this context, we also provide (i) a general approach for the investigation of such
mesoscale inhomogeneities of binary solvent mixtures and their influence on the chemical reactivity.
The reaction provides several advantages: both the light-mediated reaction and all structural inves-
tigations are performed at ambient conditions and in the presence of the catalyst. The reaction is
only triggered upon irradiation with blue LED light. Oxygen is used as a cheap terminal oxidizing
agent to re-oxidize the catalyst and to close the catalytic cycle. Furthermore, oxygen is supposed to
have a negligible influence on the solution structure. Two different solvent systems are investigated:
binary H,O/TBA and H,O/EtOH mixtures. H,O/TBA is selected, because different regimes of
mesoscale structuring can be found similar to surfactant containing solutions (i.e. solutions showing
inhomogeneities in concentration in the supramolecular range). Depending on the H,O/TBA ratio
unstructured regimes, direct structuring (TBA clusters at low TBA concentration), bicontinuous struc-
turing (for moderate TBA concentrations) and reverse structuring of H,O in TBA (for high TBA con-
centrations) are supposed.'? The type of mesoscale structuring in binary mixtures H,O/TBA is then

correlated with the yield of the oxidation product, i.e. benzaldehyde. H,O/EtOH is chosen as a not
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(or very weak) structured solvent mixture generally observed for all H,O/EtOH ratios (molecular so-

lution).

8.3 Experimental

Chemicals. Sodium bromide (= 99.99%), sodium sulphite (95%) and benzyl alcohol (= 99%) were
purchased from Merck (Darmstadt, Germany) and tert-butanol (= 99%) from Carl Roth (Karlsruhe,
Germany). Ethanol (= 99.8%), sodium metavanadate, NaVOs; (99.9%), sodium molybdate,
Na:MoOs, (= 99.5%), sodium hydrogen phosphate, Na,HPO, - 2 H,0, (= 98.5%), benzaldehyde (=
99.5%) and cyclohexanone dimethyl ketal (CDK, 99%) were purchased from Sigma-Aldrich (Stein-
heim, Germany). All chemicals were used without further purification. Aqueous solutions were pre-
pared using deionized water with a resistivity of 18 MQ-cm.

Synthesis and characterization of the catalyst. The catalyst, HsPMo1oV,040 (POM), was synthe-
sized according to a literature procedure given by Tsigdinos et al.,*® and dried under vacuum. The
product was characterized by IR (characteristic bands of POM: 1052 cm™" (P-O bond), 954 cm™
(terminal M-0), and 877 and 731 cm™' (edge and corner bridging M—0-M).), *'P-NMR (-3.11, -3.29,
-3.38, -3.56), ICP-AES (ratio of P:Mo:V (calcd.) found: (1)1.0:(10)9.9:(2)2.0), TGA (8 H,0), PXRD and
compared to literature.®*3” UV-Vis measurements were carried out at A = 455 nm in 1 mm path
length cells (Hellma 110-QS) using a Lambda 18 UV-Vis spectrometer from Perkin Elmer (Waltham,
USA) to determine the molar extinction coefficient of HsPMo10V,040 at 455 nm as applied for the
catalytic reactions (¢(455 nm) = 1.2-105 L-dm/mol).

SANS. Small-angle neutron scattering (SANS) experiments were performed on the D33 instrument
at the Institute Laue-Langevin (ILL), Grenoble, France.?® The wavelength was set to 6 A and two
sample-to-detector distances 2 m and 5 m with collimation at 5.3 m for both configurations were
used to cover a g-range from 0.08 to 0.47 A". A 7x10 mm?aperture was placed before the sample.
The samples were filled in T mm thick Helma cells and thermostated at room temperature using a
circulating water bath. The raw data were corrected for the electronic background and empty cell
and were normalized on the absolute scale using the attenuated direct beam to calculate the inci-
dent flux using the ILL Lamp software.®? The scattering intensity in cm™ is plotted against the mag-
nitude of g in nm™, and the curves were fitted with an Ornstein-Zernike (02) function: I(g) =
1(0)/(1+62g%)."® € is a correlation length in nm™; /(0) is the intensity for g = 0 and takes into account
the scattering length density of the different species and volume fraction of each phase. Full fitting
of the spectra is out of the scope of this paper.

DLS. DLS spectra were recorded using a temperature controlled CGS-3 goniometer system from
ALV (Langen, Germany) equipped with an ALV-7004/FAST Multiple Tau digital correlator and a ver-
tical-polarized 22-mW HeNe laser (wavelength A = 632.8 nm). Before starting the measurement, all

samples were filtered into dust-free cylindrical light scattering cells (10 mm outer diameter) using a
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0.2 pm PTFE membrane filter. The sealed measurement cells could be directly placed into the meas-
urement apparatus. Measurements were performed at a scattering angle of 90° after thermostating
to 25 + 0.1 °C. Data points were collected for 300 s. Aggregates in SFME are usually highly fluctu-
ating and of no well-defined shape. Hence, we renounced calculations of the exact hydrodynamic
radii. Instead, the DLS spectra were evaluated qualitatively with regard to their correlation coeffi-
cient and their lag time and an estimate of the size of the microscopic inhomogeneities is provided.
(As a rule of thumb, it was assumed that a higher intercept of the correlation function for small lag
times and larger lag times of the correlation function represent the more time-stable and more
pronounced structuring inside the solution.)

Conductivity measurements. Conductivity measurements were carried out in a thermostated
measurement cell (25 + 0.2 °C) under permanent stirring using a low-frequency WTW inoLab Cond
730 conductivity meter connected with a WTW TetraCon 325 electrode (Weilheim, Germany). 20 g
of each sample (pure hydrotrope or hydrotrope/benzyl alcohol mixtures of different mass fractions)
was filled in the measurement cell and successively diluted with pure water. Each sample contained
in addition 0.2 wt% sodium bromide to ensure a sufficient amount of charge carriers, which did
not noticeably affect the microstructure or the miscibility gap present in the phase diagram. In cases
where sodium bromide did not dissolve completely, a small amount of water was added to the pure
hydrotrope or hydrotrope/benzyl alcohol mixture before the measurement was started

Oxygen solubility measurements. Measurements of the dissolved oxygen in binary mixtures of
H,O/EtOH and H.O/TBA were carried out at 23 + 0.2 °C using a TPS Aqua-D oxygen-meter con-
nected with a TPS ED1 electrode (Brisbane, Australia). A two-point-calibration was performed
against air and against a solution of 2 g sodium sulfite in 100 mL water. No corrections were made
for the ambient air pressure. Samples (each 10 g) were stirred overnight in closed vials for ideal
mixing and equilibration. By doing so, it was ensured that conditions for sample preparation were
close to those of the reactivity measurements. Measurements themselves were performed without
stirring and values were taken after an equilibration time of 30 min to ensure constant and repro-
ducible results. Note that solutions are not necessarily saturated with oxygen, since conditions of
sample preparation were adjusted to those of the reactivity experiments.

Oxidation reaction and GC analysis. Oxidation reactions were performed at 25 °C for monoph-
asic compositions of the ternary system in the presence of 2 mM of HsPMo010V2040. Glass vials suited
for temperature-controllable blocks were used as sample containers and filled to a height of 1 cm
(2 mL). This ensures light absorption of the catalyst to an efficacy of 92%. Samples were irradiated
with blue LEDs (A = 455 nm, 1.12 W) for 16 h, atmospheric oxygen was used as a sacrificial agent
to complete the catalytic cycle. To this purpose, two needles were inserted into the septum-sealed
vials to ensure the presence of enough oxygen. The amount of benzyl aldehyde was determined by

GC measurements with CDK as internal standard. All oxidation reactions were performed for the
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following conditions: (i) sample + catalyst + irradiation, (i) sample + catalyst without irradiation, (iii)
sample without catalyst + irradiation, (iv) sample without catalyst and without irradiation. Only in
case (i), detectable yields of benzyl aldehyde were obtained. Hence, it is ensured that benzyl alcohol

and POM do not undergo a reaction during all structural investigations.

8.4 Results and Discussion

8.4.1 Determination of the reaction conditions and experimental design.

In order to relate the catalytic efficacy of a reaction to its mesoscopic structuring different experi-
mental designs are possible: (i) Constant mole fractions of BA in a given solvent mixture or (ii) con-
stant molar concentrations of BA in given solvent mixtures. The molar ratio of BA/catalyst has to
remain constant (here 50:1) for both to obtain comparable results between the different reaction
mixtures.

Constant (i) mole fractions provide the advantage of an equal ratio of BA molecules to solvent mol-
ecules. Nevertheless, due to a strong difference in the molar volumes of H,O, TBA and BA, the molar
concentration of benzyl alcohol increases with increasing H.O mole fraction (and decreasing TBA
mole fraction). Therefore, a constant mole fraction of BA has the “disadvantage” of a different molar
concentration of BA. This, on the other hand, leads to an increasing catalyst concentration to keep
the same BA/catalyst ratio of 50:1. Since the adsorption of the incident LED light (according to Beer-
Lambert law) is strongly dependent on the concentration of the photocatalyst, solely highly dilute
photocatalyst solutions ensure absorption below 99% of the incident light. Hence, only in the dilute
region where Beer's law is applicable (usually around 100 pM up to 8 mM, strongly depending on
the absorption coefficient of the catalyst, the thickness of the reaction solution, etc.), catalyst con-
centrations lead to reliable results for reactivity measurements. At higher concentrations, not all
HsPMo10V,040 catalysts are activated by irradiation, which affects the catalytic efficiency signifi-
cantly.

In contrast to constant mole fractions of BA, constant concentrations of BA (ii) provide the disad-
vantage of a different molar fraction of benzyl alcohol. Nevertheless, constant concentrations of BA
are practically most feasible since the catalyst concentration is kept constant due to a constant
BA/catalyst ratio. Hence, the photo-catalyst concentration can be adjusted according to the Beer-
Lambert law leading to 90 - 99% absorption of the incident LED light (c(POM) = 2 mM) with a
constant BA/POM ratio (in our case to 50:1, i.e. ¢(BA) = 100 mM) for each solvent composition.
Such low benzyl alcohol concentrations change the composition of the ternary system only margin-
ally, c.f. ternary phase diagram Figure 8.3a. It was shown recently that such low BA concentrations
enhance the structuring of H,O/TBA solutions, but do not change the type of structuring of the
binary mixture H,O/TBA.?*! Statistical contact between the catalyst and BA should only be a function

of the inherent mesoscopic structuring of the binary solvent H.O/alcohol.
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8.4.2 Influence of the catalyst on the ternary system H.O/TBA/BA

Next, the location of the catalyst in the reaction mixture and its influence on the structuring of the
solution was investigated. In case of no (or very weakly structured) H,O/EtOH mixtures a homoge-
nous distribution is assumed. For structured mixtures of H,O/TBA with an inherent interface, the
location of the catalyst is important for the catalytic process. For an effective catalysis, the catalyst
as well as the organic substrate should be located at a surface/interface to enhance the contact
probability of the catalyst and the organic substrate. Here, a polyoxometalate, i.e. HsPMo010V2040
(POM), was chosen as a suitable catalyst as it (i) is highly water soluble, (ii) can be applied as pho-
tocatalyst and as (i) similar polyoxometalates were recently shown to exhibit a strong propensity
to adsorb at neutral soft interfaces covered with electrically neutral functional groups.*®#! The cat-
alyst was localized in the ternary structured liquid H.O/TBA/BA by scattering experiments, see Figure
8.3b. In contrast to recent experiments, small-angle X-ray scattering (SAXS) could not be used as a
technique to investigate the influence of additives on mesoscale structured liquids. POMs provide a
strong scattering signal in SAXS due to their high scattering length density superimposing the scat-
tering signal of the mesoscale structured liquid. Hence, SANS was chosen, as the scattering contrast
between the POM and the solvent and solute is different. Solutions of POMs in D,O provide a con-
stant (low) scattering signal in SANS over the whole g-range, as it has a scattering length density
close to D,O and therefore does not produce a significant contrast. Therefore, SANS reflects only

the change in the mesoscale structuring of H,O/TBA/BA upon the addition of POM.
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Figure 8.3: Ternary phase diagram of H,O/TBA/BA at 25 °C provided in mole fractions. The most
pronounced structured region of the binary solvent H,O/TBA is indicated in blue. The black squares
in (a) represent the ternary composition of the reaction mixtures. (b) Small-angle-neutron-scattering
(SANS) patterns of two compositions at 25 °C indicated in a), i.e. compositions P (D,O/TBA
0.86/0.14) and Q (D,O/TBA/BA 0.87/0.11/0.02). For composition Q, the catalyst, c(HsPM010V2040) =
2 mM, was added (the same concentration as applied for the catalytic reactions).
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Two different compositions (provided in mole fractions) were chosen, i.e. point P (D,O/TBA
0.86/0.14) and Q (D,O/TBA/BA 0.87/0.11/0.02), c.f. Figure 8.3. The binary composition P exhibits
strong pre-structuring in the binary system H,O/TBA, which has been previously investigated by
SAXS and DLS experiments. Note that the difference between P and Q is only the substitution of
TBA by benzyl alcohol. For composition Q, POM was added to ensure a concentration of
¢(HsPM010V2040) = 2 mM as used in reaction mixtures. The binary mixture D,O/TBA provides a strong
scattering signal indicating the presence of a structured binary liquid.'? The substitution of TBA by
BA leads to a strong increase of the scattered intensity. The addition of the POM catalyst to the
ternary mixture leads to a decrease in the scattered intensity. As the POM does not produce a con-
trast, the decrease in the scattered intensity is only due to a change in the mesoscale structure of
the TBA-rich pseudo-phase. To obtain qualitative information a correlation length of the nano-do-
mains was obtained from the fitting of the SANS spectra using the Ornstein-Zernike formalism. The
correlation length increases from 0.8 nm for the binary D,O/TBA mixture up to 2.1 nm for the ternary
D.O/TBA/BA mixture. The correlation length of Q decreases from 2.1 to 1.9 nm in the presence of
the POM catalyst.

The increase in the scattered intensity from the binary D,O/TBA to the ternary D2O/TBA/BA mixture
indicates a strengthening of the structuring and swelling of the aliphatic (or TBA/BA) rich pseudo-
phase. The decrease in the scattered intensity and thus the decreasing correlation length of compo-
sition Q in the presence of the POM suggest an adsorption of the catalyst at the interface between
the TBA-rich and the water-rich bulk phases and therefore a charging of the interface. The com-
pressibility of the system decreases resulting in a decreasing scattered intensity. The decrease in the
correlation length is also a consequence of the lower compressibility of the system: due to repulsive
interactions between the domains, smaller aggregates are formed."® In an additional experiment,
see ESI Fig. S1, the propensity of POM to adsorb at neutral soft interfaces covered with polar func-
tional groups was also confirmed.”?! The adsorption of POM at the surface of non-ionic micelles
was indeed proved using SAXS. From SANS and SAXS experiments, we conclude that hydrophilic
POMs (fivefold negative charge) should mostly be solubilized in the water-rich pseudo-phase (rather
than in the aliphatic-rich pseudo-phase) with a tendency to adsorb at the interface of the ternary

structured liquid H,O/TBA/BA.

8.4.3 Reactivity measurements

After clarifying the reaction conditions with a constant BA concentration and a constant
HsPMo10V2040 concentration, catalytic reactions were performed as a function of the H,O/alcohol
solvent ratio at constant BA concentration of 50 mM and 2 mM of POM. Remember that in case of
H,O/TBA, the type of mesoscopic structuring depends on the molar ratios (similar to a micellar sys-
tem as indicated by the conductivity curves of binary solutions H,O/alcohol), see Figure 8.4a: for

low water contents no structuring, for increasing water content a reverse structuring (water in oil
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droplets) is observed followed by a percolation threshold around x(H,O) =~ 0.6 leading to a biconti-
uous structuring. For high water contents around x(H.O) =~ 0.9, a direct structuring is proposed
followed by an unstructured region for very high water contents x(H,0) > 0.95.1* Note that reaction
conditions (16 h and 25 °C) were chosen to prevent full conversion. Relatively high yields (up to
22%) of benzyl aldehyde are observed for the unstructured region at low water content, see Figure
8.4a. In the region where mesoscale inhomogeneities of H,O/TBA mixtures are found, the yield of
benzyl aldehyde decreases to 9-12% for identical reaction times and conditions.

Hence, the yield correlates with the formation and presence of mesoscale inhomogeneities. For low
water content (x(H.0) < 0.3), the binary mixture H,O/TBA can be considered as an ideal solvent
mixture, i.e. @ molecular solution, with a distinct contact probability of POMs and BA. There, the
yield of benzyl aldehyde doubles compared to structured regions. When the binary mixture H,O/TBA
starts to form mesoscale structures, the reactivity suddenly decreases. This observation may be the
result of the different solubility of POMs and BA in the two pseudo-phases. Since the hydrophilic
POMs are mainly dissolved in the water-rich pseudo-phase with a certain affinity to adsorb at inter-
faces, contact with the hydrophobic BA (mostly solubilized in the TBA-rich pseudo-phase) is reduced.
In other words, the solvent compartmentation leads to a different local environment of the reac-
tants, due to their different hydrophilicity/hydrophobicity. The different partition of catalyst and
substrate causes a reduced statistical contact of both the catalyst and the substrate and a decrease
in the yield of benzyl aldehyde. Accordingly, in case of higher water contents from x(H.0) > 0.3, the
hydrated POM catalyst and the surrounding water molecules may also be considered as a clathrate
like structure. Such clathrate like structures are known to change the activity coefficients of water
and the POM catalyst. Hence, in this particular case, a change of the mesoscale structure is also
associated with a change in water and POM activity due to the formation of a POM/H,0 clathrate
like structure. For very high water contents x(H.O) > 0.95, the absence of mesoscale structure again
leads to slightly elevated yields. The difference in absolute yields in the water-rich and TBA-rich
unstructured regimes, respectively, may be the consequence of a lower O, solubility in the water-
rich unstructured regime compared to the TBA-rich unstructured regime, see ESI Fig. S2 (remember

that O; is the terminal oxidant and completes the catalytic cycle).
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Figure 8.4: (a) Yields of the reaction product, benzyl aldehyde, determined by GC-FID with internal
standard (black squares), and conductivity measurements for the binary system H,O/TBA at 25 °C
(blue squares) after 16 h. The amount of water of the binary H,O/alcohol mixture is given in mole
fractions of water x(H.0). Regions of different morphologies of water/TBA (derived from the con-
ductivity curve) are represented by different colours. (b) Yield of benzyl aldehyde as a function of
time for a representative unstructured mixture H.O/TBA (x(H.0)=0.25), an inversely structured mix-
ture H,O/TBA (x(H,0)=0.37) and a bicontinuously structured mixture H,O/TBA (x(H,0)=0.76), as in-
dicated by circles in (a). The inset shows linear fits (dotted lines) for the initial conversion for 3h < ¢
<8h.

Within the structured region, i.e. 0.3 < x(H.0) < 0.95, the bicontinuous structuring provides a slightly
higher yield compared to the direct and reverse structuring of H,O and TBA suggesting that the
extent of interface might have a subtle influence on the obtained yield. However, the slight differ-
ences in yield between 9-12% are not significant enough to draw a clear conclusion.

To further investigate the correlation between the mesoscale structuring of the solvent and the
chemical reactivity, additional experiments were performed. (i) Initial reaction rates were measured
for an unstructured, inversely and bicontinuously structured H.O/TBA mixture and (ii) the reaction
was carried out for 72 h instead of 16 h. As can be seen by the kinetics experiments, Figure 8.4b,
initial reaction rates (obtained by linear fitting of data from 3h < t < 8 h) found for structured
H,O/TBA mixtures (0.48 mmol/(L-h) for bicontinuous and 0.51 mmol/(L-h) for inverse structuring),
are significantly lower than the one measured for the unstructured H,O/TBA mixture (0.85
mmol/(L-h)). The corresponding H,O/TBA solvent compositions are indicated with circles in Figure
8.4a and described in the figure caption. However, after 72 h, differences of the yield of benzyl
aldehyde become less significant and almost constant, see ESI Fig. S3. Hence, with increasing reac-
tion time, the correlation between solvent structure and yield becomes more and more blurred until
the solvent structure does no longer influence the yield.

Consequently, the influence of solvent structuring should be considered as a kinetic effect on the

initial period of the conversion. If solvent structuring is present, compartmentation of the reactants
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within the solvent pseudo-phases can retard the chemical reaction. However, with increasing reac-
tion time these compartmentations do no longer play a major role. This can be mainly attributed to
the highly fluctuating nature of such mesoscale structures, which do not allow a complete suppres-
sion of the reaction. Thus, reaction yields converge with time to a nearly constant value, irrespective
of the solvent structuring. It should be mentioned that the presence of solvent compartmentation
remains unchanged irrespective of the benzyl aldehyde concentration as shown with DLS experi-
ments, see ESI Fig. S4.

In addition, control experiments were performed (i) to compare the reactivity of benzyl alcohol in a
mesoscopically structured solvent H,O/TBA to a mesoscopically unstructured solvent H,O/EtOH, (ii)
to exclude side effects of different oxygen solubility in the H.O/alcohol mixtures and (iij) to investi-
gate the repeatability of all the experiments.

In case of the unstructured binary solvent H,O/EtOH, 6-10% of benzyl aldehyde are obtained, see
ESI Fig. S5. The yield slightly decreases with an almost linear dependence with increasing H,O con-
tent. The linear decrease of the benzaldehyde yield with increasing H,O content may result from
different O, solubilities in H,O and EtOH (see ESI Fig. S2). As no (or at least very weak) mesoscopic
structuring is present in H,O/EtOH mixtures, structure induced reactivity changes can be neglected
in this case and no steep changes in the yields of benzyl aldehyde are observed by changing the
solvent composition.

Furthermore, oxygen solubility measurements (measured for conditions close to those of the reac-
tion) revealed that the oxygen solubility is higher in the alcohol-rich mixtures than in water (see ESI
Fig. S2). Although these findings partly explain the higher initial reactivity in the TBA-rich regions,
no direct correlation between oxygen solubility and reactivity or oxygen solubility and mesoscale
structuring can be derived. It has to be noted that also the location of oxygen within the mesoscale
structured solvents should play a major role for the reactivity, since it reoxidizes the catalyst. As the
solubility of oxygen increases with increasing alcohol content we can expect that the repartition of
O may also be inhomogeneous within the two-pseudo-domains. Consequently, an analogous com-
partmentation effect of O, and the POM catalyst is expected, having strong consequences on the
reoxidation of the catalyst. At this point, we also want to emphasize that the re-oxidation of the
POM catalyst by O, is not the rate determining step. A depletion in oxygen would be indicated by a
deeply black coloured solution of POMs (the well-known heteropolyblue species of reduced POMs
with additionally incorporated electrons). However, all reaction mixtures were yellowish during all
the reactions performed in this study. Hence, it can be ascertained that all reaction mixtures are
saturated with oxygen over the whole period.*

Effects of viscosity?>*® on the other hand can be neglected for both systems, since there is no cor-
relation between viscosity and reactivity for neither the H,O/TBA nor the H,O/EtOH mixtures (see
ESI Fig. S6).
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As a last point, the repeatability of the reactions was probed. To this purpose, the reactions at t =
72 h were performed three times under the same conditions for every binary solvent composition
H,O/TBA. The standard deviations of the obtained yields were calculated for each solvent composi-
tion. We found standard deviations for the absolute yield ranging from + 0.7% to + 3.9% (average
value of the standard deviation + 1.9%) after 72 h, see Fig. S3. We expect the standard deviation
at 16 hours to be similar to the standard deviations found for 72 hours. Therefore, we assume an
average value of the standard deviation of the yields after 16 hours to be at maximum + 4% (abso-

lute yield percent), which is small enough not to question our conclusions.

8.5 Conclusion

We present a systematic study of the influence of mesoscale structuring on a simple model photo-
catalytic oxidation reaction. We linked the mesoscopic structuring of the binary structured solvent
H,O/TBA to the catalytic efficacy and to the reaction kinetics of the photo-oxidation of benzyl alco-
hol to the corresponding aldehyde with HsPMo1oV2040 as catalyst. We also compared the catalytic
efficacy of this reaction in the mesoscopically structured solvent H,O/TBA to the mesoscopically
unstructured (or very weakly structured) solvent H,O/EtOH. SANS and conductivity measurements
unveil that the addition of BA and the catalyst, HsPMo010V2040, do not significantly affect the
mesoscale structuring of such structured systems. Furthermore, SANS studies suggest that the POM
catalyst adsorbs at the interface of the structured system.

Reactivity measurements showed that in case of the binary structured solvent H,O/TBA, the initial
formation of benzyl aldehyde strongly depends on the mesoscopic structuring of the binary solvent
H,O/TBA. In H,O/TBA mixtures, mesoscale structuration was found to be unfavourable for the
photo-chemical reactivity, compared to unstructured molecular solutions. We conclude that com-
partmentation of both the organic substrate and the catalyst are unfavourable for the catalytic effi-
cacy. These observations are further reflected by initial rate constant measurements for an unstruc-
tured, an inversely structured and a bicontinuously structured mixture H,O/TBA. However, we fur-
ther showed that the correlation between solvent structure and reaction rates are even more com-
plex. The correlation of solvent structure and yield must be considered as a kinetic effect, which
may change with increasing reaction times, where yields equalize over the whole miscibility range
of H,O/TBA. We explain this observation by the highly fluctuating nature of the mesoscale solvent
structures.

In case of the unstructured (or very weakly structured) binary solvent H,O/EtOH, a linear increase of
the yield of benzyl aldehyde is observed for increasing EtOH/H.O ratios. This linear increase is ex-
plained by a higher O; solubility in alcohol-rich media.

In summary, we demonstrated that the chemical reactivity in solutions is not solely correlated to the

molecular properties of the solvent, but that mesoscale structuring of the solvent plays a major role.
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Consequently, we suggest reconsidering the general approach of solvent selection for chemical re-

actions. Mesoscale structuring in solvent mixtures affects the kinetics of chemical reactions and

should be considered for optimizing reaction times and reaction conditions.
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9 Conclusion and Outlook

The first part of this PhD thesis portrayed the interaction between the most common repre-
sentatives of POMs, i.e. Keggin (PW12,040>", PM01,040%, SiW1,040*, PM010V>040>) and Dawson anions
(HsP2W180s2, KeP2W1506, K7P2W17VOe,) with (i) self-assembled uncharged interfaces, (i) ethylene gly-
col oligomers and (iii) PNIPAM polymers, called the organic substrates hereafter.

POMs and organic molecules in water. The results of the chapter 3 “Polyoxometalates and
the Hofmeister series”, suggest that several features account for the super-chaotropic behaviour
of anions: delocalized charges and a large size of the anion, typically at least in the nm range (nano-
ions), to provide a high gain of entropy associated with the adsorption process on the organic sub-
strate.”"? This high entropic gain during the adsorption process is associated with the release of
hydration water molecules from the nano-ion and from the organic substrate to the water bulk
phase. The strength of the super-chaotropic behaviour is related to the volume charge density p of
the anion, i.e. the lower the p the higher the super-chaotropy of POMs. A stronger anion hydration,
due to a higher p, leads to a less efficient dehydration (lower entropy gain) during the adsorption
process because less water molecules are released.”” The study suggested that the anion polariza-
bility influences the super-chaotropy of POMs (PM01,040* vs. PW1,04*) to @ much smaller extent.
Note that dispersion forces (originated by a high anion polarizability) were often supposed to be the
origin of specific ion effects.*# The low pH of aqueous solutions containing the acid form of POMs
influences the super-chaotropy of POMs only marginally. This fact contradicts the hypothesis made
previously by other authors that the extremely low pH of nH'POM™ (e.g. 3H*PW,040>) causes the
formation of oxonium ions at the organic substrate (e.g. protonation of the ethylene glycol CH,-
OH*-CH,) and the subsequent formation of a contact ion pair between the POM™ and the organic
substrate™ ¢l

Hence, we are now able to extend the renown Hofmeister series of anions not only to two Keggin
type POMs as shown by Naskar et al.'" but also to various POM architectures (spherical Keggin
POMs and prolate spheroidal Dawson POMs) with different sizes (1.0 nm diameter for Keggin POMs
and 1.2 x 1.0 nm for Dawson POMs), different counter ions (H*, K*) and different polarizabilities

(H3PW12040 vS H3PM012040):

PW120403_ > PMO720403_ > SI.W720404_ > P2W130626- > P2W17V627_ >>> SCN > C/O4_
> >Br >NO5y > Cl>CH;COO >S5S0/ >F

The studies presented in chapter 4 “From nano-assemblies in water to crystal formation by

electrostatic screening” and in chapter 5 “Single crystal to single crystal transformation in
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a POM based composite crystal” confirmed that PW;,040> and PMo1,04¢* also interact with the
ethylene glycol oligomers in H,0, i.e. the bare hydrophilic head of the CsEO, surfactant studied in
chapter 3 “Polyoxometalates and the Hofmeister series”. SAXS and NMR studies revealed
that (i) only EOx (x > 4) interact with PW:,04* and (ii) only the inner HO-CH,-CH,-(O-CH,-CH,-O-
CH,-CH,),-CH,-CH-OH ether groups are involved in the adsorption of PW1,040> and PM01,04> on
EO, (the terminal -CH,-CH,-OH groups are unaffected by the adsorption process). Ether groups are
less hydrated than terminal -OH groups allowing them to be dehydrated more easily. Furthermore,
the selective adsorption of PW;,040° on EO, with x > 4 suggests that (i) multipolar interactions play
a crucial role in the formation of POM-EO, assemblies (chelate effect!) and that (i) enough hydration
water molecules must be released to the water bulk phase to yield a sufficient entropy gain pro-

moting an adsorption.

Hence, the adsorption of POMs on organic molecules and surfaces in water

is an entropically driven, non-specific adsorption process.

In this context, our conclusions are also an extension of Collins’ concept of matching water affinities,
observed between two oppositely charged particles (ions) and the conclusion of Leontidis et al. of
a general ion-lipid competition for hydration water and the conclusions drawn by Schwierz et al.

and Horinek et al.:

The experimental findings of the present thesis allow to extend these con-
cepts to the interaction of polyoxometalates with uncharged but hy-
drated/polar molecules or surfaces: both, the POM and the organic substrate
should provide many hydration water molecules that can be dehydrated eas-
ily, i.e. both entities should feature a low free energy of hydration, to form a

“contact ion-organic substrate pair”.

In a next step, it is necessary to investigate if lacunary POMs with an anisotropic charge distribution
also influence the CP of an aqueous solution of CsEO.. It should be clarified if the super-chaotropy
of lacunary POMs is coherent with the extension of the Hofmeister series found for Keggin or Daw-
son type POMs. It is further necessary to investigate the impact of mono-, di- or tri (Niobium or
Vanadium; no lacunary) substituted POMs on the CP of an aqueous solution of CsEO.. Such a study
should clarify the role of isotropic charge distribution on the super-chaotropy of POMs. An isotropic
charge distribution is also a basic requirement for a high ion polarizability which itself is often con-
sidered to be necessary to promote an adsorption of POMs on hydrated surfaces.

Functional materials of POMs with ethylene glycol and PNIPAM. As shown in chapter 4

“From nano-assembilies in water to crystal formation by electrostatic screening”, POMs also
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adsorb on single hydrated organic EO oligomers in aqueous solution to yield POM-EO, nano-as-
semblies which are stabilized by electrostatic repulsion due to the negative charge of POMs. Addi-
tion of NaCl, aiming at screening the inter-nano-assemblies repulsions, induces aggregation and
formation of hybrid crystalline POM-EO,-Na materials. This new method to build POM-organic com-
posite 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
SAXS/SANS and NMR experiments allowed to relate the structure model obtained from the
PW1,040> - EOs/EQs - 3Na* single crystals to the structure of the POM-oligomer nano-assemblies
solubilized in aqueous solution (EOx - PW1,04 - EO,). In chapter 4.4.5 The versatility of the
“electrostatic screening method” it was also shown that this electrostatic screening method is
highly versatile by in total three different POM/EO, composite crystals containing (i) different POMs
(H3PW12040 and HsPM01,040), (ii) different EO, chain lengths (EOs+ EOs and EO+1) and (iii) different
(mixed) counter ions (Na* and K*-H*-H*). This versatility is also an onset for the synthesis of several
new hybrid materials with different PEG-POM composition and different functionalities as it was
shown in the framework of this thesis that it is possible to form a vast variety of PEG-POM hybrid
crystals which were not investigated yet. It was also demonstrated that composite crystals formed
by the electrostatic screening method display uncharted features: upon irradiation of PMo01,040> -
EOs/EQs - 3Na* hybrid crystals with visible light, the PM01,04* photocatalyst promotes the selective
oxidation of only one (out of four available) terminal hydroxyl function -CH,-OH of EOs to the cor-
responding aldehyde -CH=0 in the crystalline state. During this process, the crystal colour changes
from clear yellowish to dark black due to the formation of the well-known heteropolyblue-polyox-
ometalate making these crystals suitable for potential applications in sensor technology. So far, this
concept is not fully understood and several open questions should be answered: How extendable is
this solid-state oxidation principle? Can it also be observed for hypothetical PMo?* - EQ4 - K*-H*-H*
crystals? Is a special geometry and a close vicinity of PMo* and the carbon atom attached to the
hydroxyl group required to promote a chemical reaction in the solid state? It could be expected that
also other POM-based hybrid materials may be photo-responsive since the “electrostatic screening

approach” to produce new functional POM based hybrid materials is highly versatile.

Hence, the new versatile “soft” electrostatic screening route allows to access
new functional POM - organic composites featuring uncharted fields of pho-

tochemistry.

The adsorption of POMs on organic molecules can be generalized to any kinds of weakly hydrated
(the term refers to low free energy of hydration) molecules or oligomers as shown for the interaction
of PNIPAM with H3PW;2040, H3PM012040 and HaSiW;2040. An adsorption of PW1,04> on PNIPAM

leads first to the formation PW;,040>-PNIPAM globular objects and eventually to the formation of
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stimuli responsive (salt and temperature stimulus) PW1,040>/PNIPAM/PW1,04> and PMo01,040>
/PNIPAM/PMo01,040> trilayer 2D nano-sheets via self-assembly of PNIPAMx000 (x =5, 7, 10). Again,
POM and PNIPAM are not covalently linked in the nanocomposite sheets as it is the case for EOy
and POM in hybrid crystals thereof. A further feature of these self-assembled PNIPAM nano-sheets
is that their thickness can be tuned by the PNIPAM chain length. It should be stressed at this point
that this is the first study reporting the self-assembly of short chain PNIPAM polymers which is the
most studied thermo-sensitive and stimuli responsive polymer.

This study also shows the versatility of soft POM based hybrid materials which can be constructed
by exploiting the POMs' super-chaotropic effect. It was already shown that PW;,040* interacts with
several other polymers, such as polyvinyl alcohol, polypropylene glycol, serum bovine albumin, etc.
So far, the supramolecular assemblies formed by these polymers and POMs remain unexplored and
should be investigated in the future. An open question which should also be answered is: Why do
trivalent POMs (PMo01,040> and PW1,040%) self-organize preferentially in 2D close packed layers
as observed in case of (i) PW1,040* - EOs/EQs - 3Na* crystals or (i) PW12040> - EOq1 - K*-H*-H* crystals,
or (iii) soft PW1,040> /PNIPAM/PW1,040°> and PM01,040>/PNIPAM/PMo0+,040" trilayer 2D nano-sheets,

or (iv) in case of the famous etherate formation, etc.?

The second part of this PhD thesis dealt with the application of HsPMo10V>040 as photocata-
lyst in two mesoscopically structured ternary solvents H,O/EtOH/benzyl alcohol and H,O/tert-buta-
nol/benzyl alcohol. The idea was to take advantage of the super-chaotropy of POMs and their ad-
sorption on organic molecules and interfaces in weakly organized binary (or ternary) solvents, i.e.
to “adhere” the POM photocatalyst on a poorly organized H,O/benzyl alcohol interface stabilized
by alcohol molecules analogous to “micellar catalysis” without surfactants. A close vicinity of
PMo010V2040> and benzyl alcohol should then preferably lead to fast reaction rates for the catalytic
oxidation of benzyl alcohol to the corresponding benzyl aldehyde. Therefore, several solvent mix-
tures of H,O/alcohol were investigated in chapter 7 “Structuring of Hydrotropes in water”. \Ne
have chosen a series of short-chain alcohols as hydrotropes and benzyl alcohol (among others) to
be solubilised. Very weak pre-structuring is found for binary EtOH/H,0 and NPA/H,0 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 POM catalysed reaction according to the present considerations.
Analogous to surfactant containing solutions three different types of mesoscale structuring in
TBA/H,O mixtures were postulated for binary structured TBA/H,O mixtures: direct (but weakly pro-
nounced) microemulsions, i.e. TBA cluster in H,O, bicontinuous domains and reverse microemul-
sions, i.e. H,O cluster in TBA. Besides these findings we additionally found that pre-structuring of
binary H,O/TBA mixtures leads to a high solubilisation power for poorly water miscible components

compared to non-structured mixtures H,O/EtOH or H,O/IPA. This difference in solubilisation power
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was linked to (i) the formation of mesoscale structures in case of EtOH and IPA and to (ii) the exten-
sion of pre-structures in case of NPA and TBA. Furthermore, three different solubilisation mecha-
nisms could be identified: bulk solubilisation, interface solubilisation and the combination of both.

In chapter 8 “The impact of hydrotrope structuring on a polyoxometalate catalysed reac-
tion”, the type of mesoscopic structuring of the most structured binary solvent mixture H,O/tert-
butanol (TBA) is finally linked to the kinetics and the efficacy of the oxidation of benzyl alcohol to
the corresponding aldehyde catalysed by PM010V>040>". We demonstrated that the obtained yields
of benzyl aldehyde depend on mesoscopic structuring of the binary solvent H,O/TBA. An elevated
catalytic performance of at least 100% is found for unstructured binary mixtures H,O/TBA compared
to compartmented binary mixtures H,O/TBA. Although SAXS measurements on a solution contain-
ing HsPMo010V>040 and Brij35 (Ci,EO3) showed that PMo1oV,040>" adsorbs on very hydrophilic sur-
faces, the adsorption at the interface of highly fluctuating SFMEs (here H,O/TBA/benzyl alcohol) is
indeed very weak. In case of the interaction of PW;,04* with EO, it was also demonstrated that
PW1,040° only interacts with EO,, with x > 4. Hence, an explanation could be that (i) the entropic
gain due to the dehydration of TBA and benzyl alcohol is too low to promote an adsorption of
PMo010V2040" on TBA/benzyl alcohol clusters and (i) multipolar interactions of PMo10V,040>" with TBA
and benzyl alcohol molecules are not possible. Hence, we assume that the repartition of
PMo1oV,040> between the water bulk phase and the interface is rather shifted to the water bulk
phase leading to a separation of the PM010V>040> photocatalyst and benzyl alcohol. We conclude
that compartmentation of both benzyl alcohol and PM010V2040>"in TBA and water-rich micro phases

seems to be unfavourable for the catalytic efficacy.

Hence, the idea of adhering the POM photocatalyst on an ill-defined, highly
fluctuating H.O/benzyl alcohol interface stabilized by tert-butanol molecules

analogous to “micellar catalysis” was not possible.

Nevertheless, the adsorption of POMs on hydrated interfaces or molecules may be used for different
catalytic applications since it was shown by Bernadini et al. that the catalytic performance of POMs
may be completely different when they are adsorbed at interfaces.” In their work they highlighted
the photochemical oxidation of water and reduction of polyoxometalate anions at diethylether in-
terfaces. Hence, in future investigations the super-chaotropic effect should be exploited to adhere
POMs on (i) self-assembled nanoscopic interfaces, e.g. micellar catalysis, on (i) macroscopic liquid-
liquid interfaces, e.g. H.O-ether interfaces, and on (iij) coated surfaces of microreactors. Especially
(iif) is a promising approach since microreactors provide the advantage of a high POM catalyst load-
ing on a hydrophilic surface of the reactor with the possibility to excite POMs photochemically with
a higher yield compared to a common batch reaction due to the short penetration depth of light in

an aqueous medium.
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