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Zusammenfassung

Das Ziel der vorliegenden Arbeit ist die Untersuchung neuer Strategien für die Selb-

storganisation von Polyelektrolyten in Gegenwart von mehrwertigen Kationen. Dafür

werden zwei verschiedene Strategien verfolgt.

Der erste Ansatz nutzt die Tatsache, dass die beiden anionischen Polyelektrolyte

Natriumpolyacrylat (PA) und Natriumpolystyrolsulfonat (PSS) sehr unterschiedliche

Wechselwirkungen mit bivalenten Erdalkalimetallkationen aufweisen. Blockcopoly-

mere aus PA und PSS mit unterschiedlichen PA:PSS-Verhältnissen werden synthetisiert,

um diese unterschiedlichen Interaktionsmuster zur Selbstassemblierung zu nutzen. Im

ersten Schritt wird das Phasenverhalten der Blockcopolymere in Gegenwart von Ca2+

untersucht. Stabile Blockcopolymer-Mizellen werden mit Blockcopolymeren mit rela-

tiv langen PA- und kurzen PSS-Blöcken sowie für Polymere mit gleich langen PA- und

PSS-Blöcken gebildet. Im Gegensatz dazu wird keine Mizellierung beobachtet, wenn

der PA-Block wesentlich kürzer ist als der PSS-Block. Es wird gezeigt, dass die spez-

ifische Interaktion von PA mit Ca2+ zur Bildung eines mizellaren Kerns führt, der aus

PA/Ca2+ besteht. PSS bildet die Korona der Mizellen, da PSS nicht spezifisch mit Ca2+

interagiert. Darüber hinaus wird die Wirkung der zwei Erdalkalikationen Sr2+ und Ba2+

untersucht. Beide Kationen führen zur Bildung von Blockcopolymer-Mizellen mit ähn-

licher Struktur wie in Gegenwart von Ca2+, wobei PA/M2+ den mizellaren Kern bildet.

Der Temperatureinfluss auf die Bindung von Erdalkalikationen an die jeweiligen

Polyelektrolytblöcke wird als externer Trigger für die Mizellbildung genutzt. In Gegen-

wart von Ca2+ begünstigt ein Temperaturanstieg die Mizellbildung mit PA/Ca2+ im

Mizellkern, da die Bindung von Ca2+ ein entropisch getriebener Prozess ist. In An-

wesenheit von Sr2+ und Ba2+ ist die Situation komplexer. Eine Temperaturerhöhung

führt ähnlich wie bei Ca2+ zur Bildung von Mizellen mit einem PA/M2+ Kern und einer

PSS Korona. Eine Temperaturabsenkung begünstigt jedoch die Bindung von Sr2+ und

Ba2+ an den PSS-Block, da es sich um einen Prozess handelt, der mit einer negativen

Bindungsenthalpie verbunden ist. Kleinwinkelneutronenstreuung mit Kontrastvaria-

tion zeigt, dass Mizellen mit einem PSS/Sr2+ oder PSS/Ba2+ Kern bei niedrigen Temper-

aturen gebildet werden, während sich PA in der Korona der Mizellen befindet. Dieser

Übergang von Mizellen mit PA/M2+ Kernen bei hohen Temperaturen zu PSS/M2+ Ker-
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nen bei niedrigen Temperaturen durchläuft den Zustand von einzelnen Blockcopoly-

merketten bei mittleren Temperaturen. Damit sind PA-b-PSS-Blockcopolymere ein in-

vertierbares mizellares System, bei dem der Kernbildungsblock durch Temperaturvari-

ation verändert werden kann.

Für den zweiter Ansatz zur Selbstassemblierung von Polyelektrolyten wird die

Komplexität des multivalenten Kations erhöht. Anstatt atomarer mehrwertige Katio-

nen wie Ca2+ zu verwenden, wird ein zweiwertiger Azobenzolfarbstoff diAzoEt syn-

thetisiert. Das Mischen des anionischen Polyelektrolyten PA mit diAzoEt führt zur Bil-

dung einer trüben und langzeitstabilen Lösung. Kleinwinkelneutronenstreuung zeigt,

dass kugelförmige und gut definierte Aggregate gebildet werden, die aus PA-Ketten

bestehen, die durch den zweiwertigen Farbstoff verbunden sind. Bestrahlung mit Licht

führt zur trans −−→ cis Isomerisierung des Azobenzolfarbstoffs und resultiert in einer

Auflösung der Komplexe in einzelne PA-Ketten und cis-diAzoEt, welches die Ladun-

gen des Polyelektrolyten abschirmt. Nach der Rückkehr zum thermodynamisch sta-

bilen trans-Isomer werden die Komplexe neu gebildet und es kann gezeigt werden,

dass die Temperatur während dieses Schritts die Größe der Aggregate steuert. Je höher

die Temperatur, desto kleiner sind die resultierenden Aggregate. Dies ergibt sich aus

einem Keimbildungs- und Wachstumsmechanismus, der mittels zeitaufgelöster Klein-

winkelneutronenstreuung verfolgt wird.
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Abstract

The scope of the present work is to investigate new strategies for the self-assembly of

polyelectrolytes in the presence of multivalent cations. This is pursued by following

two different approaches.

The first approach makes use of the fact, that the two anionic polyelectrolytes

sodium polyacrylate (PA) and sodium polystyrenesulfonate (PSS) show vastly different

interactions with bivalent alkaline earth metal cations. Blockcopolymers of PA and PSS

with varying PA:PSS ratios are synthesized, in order to use these different interaction

patterns for self-assembly. In the first step, the phase behavior of the block copolymers

in the presence of Ca2+ is investigated. Stable block copolymer micelles are found for

block copolymers with relatively long PA and short PSS blocks, as well as for polymers

where the PA and PSS blocks are equally long. In contrast, micellization is not observed

when the PA block is considerably shorter than the PSS block. It turns out, that the spe-

cific interaction of PA with Ca2+ results in the formation of a micellar core composed

of PA/Ca2+, while PSS forms the corona of the micelles as PSS does not interact specif-

ically with Ca2+. Furthermore, the effect of two other earth alkaline cations Sr2+ and

Ba2+ is investigated. Both cations result in the formation of block copolymer micelles

with similar structure as in the presence of Ca2+, where PA/M2+ forms the micellar

core.

The effect of temperature on the binding of earth alkaline cations to the respective

polyelectrolyte blocks is used as an external trigger for micelle formation. For Ca2+, a

temperature increase favors the micelle formation with PA/Ca2+ micellar cores, as the

binding of Ca2+ is an entropically driven process. In the presence of Sr2+ and Ba2+,

the situation becomes more complex. An increase of temperature triggers formation

of micelles with a PA/M2+ core and a PSS corona, similar as found for Ca2+. How-

ever, a temperature decrease favors the binding of Sr2+ and Ba2+ to the PSS block, as

it is a process associated with a negative binding enthalpy. Contrast variation small-

angle neutron scattering (SANS) experiments provide clear-cut evidence that micelles

with a PSS/Sr2+ or PSS/Ba2+ core are formed at low temperatures, while PA is lo-

cated in the corona of the micelles. This transition from micelles with PA/M2+ cores at

high temperatures to PSS/M2+ cores at low tmperatures passes the state of single block
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copolymer chains at intermediate temperatures. This makes PA-b-PSS block copolymers

an invertible micellar system, where the core forming block can be varied by means of

temperature variation.

As a second approach for self-assembly of polyelectrolytes, the complexity of the

multivalent cation is increased. Instead of using atomic multivalent cations such as

Ca2+, a divalent azobenzene dye diAzoEt is synthesized. Mixing the anionic poly-

electrolyte PA with diAzoEt results in the formation of a turbid and long-term stable

solution. SANS reveals that spherical and well-defined aggregates are formed, which

are composed of PA chains connected through the divalent dye. Light irradiation trig-

gers the trans −−→ cis isomerization of the azobenzene dye and results in a disassembly

of the complexes into individual PA chains and cis-diAzoEt acting as a screening salt.

Upon return to the thermodynamically stable trans-isomer, the complexes are reformed

and it is observed, that the temperature during this reassembly step controls the size of

the aggregates. The higher the temperature during reassembly, the smaller the resulting

aggregates. This arises from a nucleation and growth mechanism, which was followed

by time-resolved SANS.
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Chapter 1

Introduction

1.1 State of the art

1.1.1 Polyelectrolytes and specific interaction with multivalent cations

SO3

O O

Na

Na

Figure 1.1: Chemical structure

of sodium polystyrene sulfonate

(PSS, left) and sodium polyacry-

late (PA, right).

Polyelectrolytes are macromolecules with a repeat-

ing unit carrying an electrolyte group. In aqueous

solution these groups can dissociate into its ions re-

sulting in a charged polymer chain. Depending on

the charge of the electrolyte group, polyelectrolytes

can be separated into polyanions and polycations.

Polyampholytes carry cationic as well as anionic moi-

eties.1 The present work deals with two common

polyanions, namely sodium polyacrylate (PA) and

sodium polystyrene sulfonate (PSS), shown in Figure

1.1. The sulfonate group of PSS is a strong acid result-

ing in deprotonation over nearly the whole pH range, which classifies PSS as a strong

polyelectrolyte. In contrast, the protonation state of PA strongly depends on the pH of

the solution, as PA has a pKa of around 6.8.2 This classifies PA as a weak polyelectrolyte.

Polyelectrolytes are widely applied in a range of industrial processes, cosmetic prod-

ucts and food, mostly based on their ability to change flow properties or stabilize aque-

ous dispersions. For example, so-called superplasticizer are able to modify the flow

behavior of concrete by interacting with oppositely charged colloidal particles such as

calcium silicate hydrate.3,4 As a result, the workability of curing cement is improved

dramatically.3,4 Another application of anionic polyelectrolytes is based on their ability

to efficiently complex multivalent cations. This feature is employed to remove heavy

metal ions in the treatment of waste water5 or to avoid formation of limestone from

hard water with a high content of Ca2+ and Mg2+ cations.
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1 — Introduction

Neutral polymers can be sufficiently described by a Kuhn length lK and an excluded

volume parameter.6 In contrast, for the correct description and understanding of poly-

electrolyte solutions electrostatic forces have to be considered additionally.7 Intensive

experimental and theoretical studies were performed to understand the behavior of

charged polymers in dilute and semi-dilute conditions.8–14 In aqueous solution and in

the absence of added electrolyte, the long range electrostatic repulsion of the charged

monomer units leads to an extension of the polymer chain. This results in considerably

larger dimensions compared to a neutral polymer of comparable molecular weight.

However, the polymer conformation is still far away from a completely stretched rigid

rod.11

Once electrolyte is added to a polyelectrolyte solution, electrostatic interaction act-

ing between the charged monomer units is screened.10–14 This results in shrinkage of the

highly extended polymer chains, allowing it to adopt a more compact coil conforma-

tion. Increasing the electrolyte concentration further, results in stronger screening and

a stronger shrinkage of the polymer chain.10,11 Eventually, the polylelectrolyte adopts

a chain conformation similar to neutral polymers. This permits adjusting good and

θ-solvent conditions by varying the salt concentration at a given temperature.10,12–14

For example, for PSS θ-conditions are reached at 4.17mol L−1 of NaCl at 16.4 ◦C or

3.1mol L−1 of KCl at 25 ◦C,14,15. For PA θ conditions are reached at 1.5mol L−1 of KCl

at 15 ◦C or 1.5mol L−1 of NaCl at 25 ◦C.10,12 At even higher electrolyte concentration,

the polymer chains precipitate from solution, giving rise to the “salting out” effect.16

In principle, multivalent ions have the same screening effect on the polyelectrolyte

as “inert salts” like NaCl or KCl. However, Wall et al.17 showed that precipitation of

the anionic polyelectrolyte PA occurs at considerably smaller electrolyte concentrations

when multivalent cations such as Ca2+ are employed. This was considered as a type of

interaction, which goes beyond pure electrostatic effects. It was assumed that the acry-

late group has a certain affinity towards Ca2+.17 Indeed, it was demonstrated later that

multivalent cations actually bind to the functional groups of polyelectrolytes,18–21 giv-

ing rise to the name “specific interaction”. Specifically interacting cations (SIC) lead to a

more pronounced shrinking compared to “inert salts”. They bind to the polyelectrolyte

groups, which leads to a neutralization of monomer units and increases the hydropho-

bicity of the polymer chain. Eventually this leads to precipitation. Typically, SIC are

multivalent cations, but also monovalent cations such as Ag+ are specifically interact-

ing with polyelectrolytes.22,23 A common approach to investigate the effect of SIC on

polyelectrolytes is to add a certain amount of “inert salt” to the polyelectrolyte solution

2



1.1.1 — Polyelectrolytes and specific interaction with multivalent cations

and subsequently replace part of it by increasing the concentration of SIC. Addition of

“inert salt” screens the charges of the polyelectrolyte, which prevents aggregation of

the polymers due to like-charged attractions. Moreover, the structure factor between

the chains is suppressed. This facilitates the interpretation of scattering experiments as

only the conformation of individual chains is probed. A typical experimental approach

is to prepare a solution of polyelectrolyte, for example in 100mmol L−1 NaCl and di-

lute with a solution of 50mmol L−1 CaCl2 solution. Using such a procedure, keeps the

concentration of positive charges [+]
(
[+] = 2[Ca2+] + [Na+]

)
constant, e.g. in this case

at 100mmol L−1. This procedure was found to be very robust, even though the ionic

strength is not kept constant. Often this effect can be neglected as the amount of added

SIC is relatively small. Furthermore, binding of SIC to the polyelectrolyte effectively

removes the SIC from equilibrium and makes calculation of the ionic strength prone to

errors anyway.

Because a large fraction of applications of polyelectrolytes are based on the interac-

tion with oppositely charged ions, the behavior of synthetic and natural polyelectrolytes

in the presence of multivalent ions was intensively studied.20,21,24–41 As the number of

multivalent anions is limited, most of the works focus on negatively charged poly-

electrolytes. The phase behavior of different polyelectrolyte/ion combinations was in-

vestigated as a function of cation,42 polymer concentration, temperature26,38,43 or ionic

strength.44 A variety of different phase behaviors was found ranging from precipita-

tion of the polyelectrolyte salt above a certain cation concentration18, to solubility over

the whole range of cation concentrations26,40 and so-called re-entrance phases.33 Here

the polymer goes again into solution at very high SIC concentrations after previously

precipitating.

Polyacrylate in the presence of earth alkaline cations

Various works investigated the solution behavior of PA in the presence of the earth

alkaline cations Ca2+, Sr2+, and Ba2+.17,18,20,21,36,42 Typically, these experiments are per-

formed at a pH of around 9 to ensure that the carboxylate groups are fully dissociated.

In general, addition of earth alkaline cations results in a decrease of the intrinsic viscos-

ity and of the polymer dimensions, measured by the radius of gyration in static light

scattering.18 This decrease in dimension arises from the binding of SIC to the polyelec-

trolyte. This leads to a collapse of the polymer chain, changing from a coiled state to

3



1 — Introduction

[PA]c

[M
2+

] c
single chains

phase separation

m

r0

Figure 1.2: General phase diagram of PA in the presence of earth alkaline cations.

a dense sphere-like structure.18,20,21 Upon further increase of the SIC concentration, PA

starts to aggregate and eventually precipitate from the solution.

The precipitation threshold for PA/earth alkaline cations can be expressed by20,42

[M2+]c = r0 +m[PA]c, (1.1)

with [M2+]c being the critical cation concentration and [PA]c the critical concentration

of PA monomer units where precipitation takes place. r0 is the minimum concentration

of multivalent cation required to induce precipitation at infinite polymer concentration

and m reflects the stochiometry of binding. Figure 1.2 illustrates the phase diagram of

PA in the presence of earth alkaline cations.

It was observed that the value for r0 increases with increasing concentration of “inert

salt” such as NaCl.20 Increasing the concentration of Na+ results in a higher exchange

pressure necessary to replace one earth alkaline metal cation by two sodium cations. A

phase behavior according to equation 1.1 implies that with increasing polymer concen-

tration, more SIC is required to precipitate the polymer. This shows, that the binding

is associated with a certain stochiometry. Therefore, complementary work on the bind-

ing of Ca2+ and PA as well as some industrial scale inhibitors was performed.19 It was

demonstrated, that the specific binding of Ca2+ to PA is an entropically driven process

associated with a positive binding enthalpy ∆H. This arises from a two-step mecha-

nism. First, two sodium cations are replaced by one Ca2+ and second several water

molecules are released upon binding of Ca2+ to two carboxylate groups. Both processes

are associated with a positive binding enthalpy, but the second process is dominating

the recorded heat traces. In the titration experiments the small entropic contribution

4



1.1.1 — Polyelectrolytes and specific interaction with multivalent cations

from the cation exchanges is therefore hidden and a single-step process, dominated by

the actual binding, is recorded. Inspired by these findings, temperature dependent light

scattering experiments of PA in the presence of Ca2+ and Sr2+ were performed.43 Sam-

ples close to the phase boundary, but still in the single chain regions were investigated.

A decrease of the polymer dimensions was observed with increasing temperatures. This

is expected for a process with positive binding enthalpy43 as the free energy ∆G is given

by45

∆G = ∆H− T∆S, (1.2)

with ∆H being the enthalpy of binding, T the temperature and ∆S the entropy of bind-

ing.

An increase of temperature results in a more dominant entropy term T∆S and there-

fore enhances binding of SIC to the polyelectrolyte chain. Atomic force microscopy

(AFM) and small-angle neutron scattering (SANS) showed, that pearl-necklace struc-

tures can be found when approaching the phase boundary by means of temperature

variation.36 Similar structures have been found when the phase boundary was ap-

proached by means of increasing the SIC concentration at a given temperature.21,41

Polystyrene sulfonate in the presence of earth alkaline cations

The specific interaction of PSS in the presence of various multivalent cations was

also studied during the last years.24,26,37,40,46–49 An extensive study investigated several

cations, among them Ca2+, Sr2+ and Ba2+. It has been shown, that the precipitation

of the PSS only takes place in the presence of Ba2+.40 The precipitation threshold for

PSS/Ba2+ is independent of the PSS concentration and follows26,47,48:

[Ba2+]c = r0. (1.3)

[Ba2+]c is the critical Ba2+ concentration where precipitation takes place and r0 the min-

imum concentration of Ba2+ required to precipitate PSS. As the precipitation threshold

is independent of the PSS concentration, eq. 1.3 does not contain the polymer concen-

tration. Figure 1.3 illustrates the phasediagram of PSS/Ba2+.

Upon approach of the phase boundary of Ba2+/PSS the chains shrink in the pres-

ence. This takes place in semidilute47 as well as dilute conditions26. The shrinkage

is accompanied by the formation of compact domains, resulting in the formation of

rugged cylindrical structures.26

5
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[PSS]c

[B
a2+

] c
single chains

phase separation
r0

Figure 1.3: General phase diagram of PSS in the presence of Ba2+.

The impact of temperature on the phase behavior for the system PSS/Ba2+ was also

studied in detail. In contrast to PA in the presence of earth alkaline cations, PSS shrinks

at low temperatures in the presence of Ba2+. This occurs in semidilute47 and dilute

solution26 and can be used to induce aggregation and precipitation of PSS chains.

Isothermal titration calorimetry (ITC) revealed, that the binding of Ba2+ to PSS is

actually composed of two distinct contributions: First, two Na+ cations in the polyelec-

trolyte domain are replaced by one Ba2+ cation, resulting in a relatively small gain in

entropy. This is associated with a positive enthalpic contribution ∆H > 0. The second

step, which is the actual binding of Ba2+ to PSS, is a process with negative binding

enthalpy ∆H < 0.24 This is in agreement with the observed solution behavior, where a

decrease in temperature results in shrinkage of the polyelectrolyte and aggregation and

precipitation.26

It was also shown by ITC, that the titration of PSS with Ca2+ is only associated with

a relatively small entropic contribution (∆H > 0). It arises from the exchange of two

sodium cations by one Ca2+ cation in the polyelectrolyte domains.24 This supports the

observations made for the solution behavior of PSS/Ca2+, where even at Ca2+ concen-

trations as high as 1.6mol L−1, no signs for shrinkage or aggregation were found.24 It is

worth mentioning, that the replacement of two sodium cations by one SIC also occurs

for the titration of earth alkaline cations with PA as the first step. However, in this case

the signal from the second step corresponding to the actual binding is much stronger

and also associated with a positive binding enthalpy. Therefore, the small entropic

contribution from the exchange of cations in the polyelectrolyte domains is hidden.

6
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Figure 1.4: Chemical structures of some commonly used multivalent dyes.

Multivalent dyes

Instead of using multivalent atomic ions such as Ca2+ or Ba2+, multivalent organic

ions can be used for complexation with oppositely charged polyelectrolytes. To give an

example, water-soluble organic dye molecules can be utilized. These have an extended

aromatic system, which allows to use the optical properties of dye molecules to monitor

the aggregation state of the dye.50–52 Using dyes as counterions has the advantage that

these ions allow introducing complexity and functionality into the system. As dye mole-

cules are structurally more complex compared to their atomic equivalents, new types

of interactions play a role in their association behavior with polyelectrolytes. These

include electrostatic, hydrophobic and π-π interactions.53,54 The balance between all

these interactions can already lead to aggregation of the ions themselves in the absence

of polyelectrolyte. This was for example shown for a mixture of two anionic azo dyes,

which form worm-like aggregates in the presence of earth alkaline cations.55–57

Intensive work was carried out for a large variety of dye/polyelectrolyte combi-

nations. The rich variety of dye molecules and polyelectrolytes investigated, revealed

a wide range of well-defined supramolecular structures ranging from spheres, ellip-

soids, cylinders and vesicles. The shape depends on the polymer type, architecture,

valency of the dye, pH, ionic strength and the ratio between building blocks.52–54,58–61

Figure 1.4 shows a few representative chemical structures of dyes used in previous

works. It was shown, that for complexes formed by cationic dendrimers and anionic

dyes, the anisotropy of the resulting aggregates is related to the dendrimer genera-

tion and the dye counterion structure. The higher the dendrimer generation was, the

higher the anisotropy of the forming particles. Moreover, it was demonstrated that

the interaction between the building blocks directs the shape of the resulting complex.

Anisotropic shapes are favored when strong π-π interactions are present between the

dye molecules. Also, a threshold for the dye-polyelectrolyte interaction was detected,
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separating anisotropic and isotropic shapes.53 The role of the polymer morphology was

investigated by using different generations of dendrimers and linear polymers.52 Stable

aggregates were found for all polymers, except dendrimers of generation 0. How-

ever, the assemblies formed with linear polymers were more prone to be kinetically

trapped.52

In order to introduce functionality, the effect of pH on aggregates between weak

polyelectrolytes and oppositely charged dyes was investigated. This not only allows

switching between the aggregated and non aggregated state by means of pH variation,62

but also changing the morphology of the nanoparticles.63 Another step towards more

functional assemblies, is to use the trans −−→ cis isomerization of the divalent azo dye

Acid Yellow 38 (Figure 1.4) to create light-tunable structures.64,65 For complexes with

linear polyelectrolytes, light irradiation resulted in a decrease of the aggregate size,65

accompanied by a change of the shape from cylinders to ellipsoids.66 Isomerization

effectively varies the dye-dye interaction and leads to a different packing of the dye

molecules within the aggregate.65,66

1.1.2 Block copolyelectrolytes

Block copolyelectrolytes combine structural elements of block copolymers and poly-

electrolytes. This leads to a new class of polymers with unusual and unique prop-

erties. The majority of previous works deals with block copolymers possessing one

water-soluble polyelectrolyte block and one hydrophobic block such as polystyrene.67

In dilute aqueous solution, such polymers self-assemble into micelles composed of a

core formed by the hydrophobic block and a polyelectrolyte shell.68–73 Usage of a hy-

drophobic block with high glass transition temperature leads to a very low solubility

of the block copolymers, as thermal energy is insufficient for molecular dissolution.

The use of organic co-solvents makes it possible to dissolve the block copolymers. A

subsequent dialysis against water removes the co-solvent and results in formation of

block copolymer micelles. These micelles are frozen at room temperature as they are

non-equilibrium structures. The use of hydrophobic blocks with a low glass transition

temperature allows establishing equilibrium structures.67

The volume fraction of the hydrophobic polymer in the core of the micelle in aque-

ous solution is close to 1.67 The corona of the micelles consists of poylelectrolyte and

is swollen by water or aqueous salt solution. It has a radial density profile decaying

with increasing distance from the center.74 When polymers are densely grafted onto

8



1.1.2 — Block copolyelectrolytes

the surface, in this case onto the hydrophobic core, they form a polymer brush.75,76

Depending on the added salt concentration, two different regimes are found. In the

“osmotic brush” regime, the added salt concentration is smaller than the counterion

concentration of the brush. This results in a stretching of the polyelectrolyte chains and

a brush thickness which is independent of the added salt concentration.67 In contrast,

in the “salted brush” regime, the added salt concentration exceeds the counterion con-

centration of the brush and the brush thickness decreases according to D ∝ c−αs .75,76

For planar brushes a value of α = 1
3 was predicted theoretically75 and also found exper-

imentally.77 However, for coronas where the brush is grafted onto a curved surface, as

is the case for block copolymer micelles, considerably smaller values ranging between

0.11 < α < 0.17 were found.74,78,79

In order to study the structure of the polyelectrolyte block copolymers, various scat-

tering and imaging techniques were used and combined.67,74 These include small-angle

neutron scattering (SANS), small-angle X-ray scattering (SAXS), static light scattering

(SLS), dynamic light scattering (DLS), cryogenic transmission electron microscopy (cryo-

TEM) and atomic force microscopy (AFM). Using such techniques showed that the

corona formed by the polyelectrolyte consists of a dense inner part and an outer part

with a lower density.74

The recent progress in controlled radical polymerization techniques, in particular

reversible-addition fragmentation transfer polymerization (RAFT),80 allows synthesiz-

ing novel types of polymers and opens routes to new types of block copolymers. This

includes the direct synthesis of polyelectrolytes from the corresponding monomers in

aqueous solution.81,82 Typically, the synthesis of polyelectrolytes or polyelectrolyte block

copolymers with controlled polymerization techniques, such as anionic polymeriza-

tion, requires the use of protection groups. In order to obtain a polyelectrolyte as a

final product, the protection groups are removed after the polymerization. An alter-

native synthetic route to polyelectrolytes is to use polymer-analogous reactions, such

as sulfonation.69,83,84 Both types of reactions rarely reach quantitative conversion, re-

sulting in a partly functionalized and therefore locally hydrophobic polymer chain.

Such polymers may exhibit a solution behavior and rheological properties significantly

different from fully functionalized polyelectrolytes.85 Using RAFT allows for exam-

ple to synthesize double hydrophilic block copolymers composed of PA and poly(N-

isopropylacrylamide)86 or block copolymers of PA and PSS without the need of any

protection groups.87

9
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1.1.3 Small-angle scattering

Polyelectrolytes are typically studied in aqueous solution and have low contrast for

imaging techniques such as electron microscopy. This makes it difficult to obtain struc-

tural information in real space. Small-angle scattering (SAS) techniques on the other

hand yield ensemble averaged data of polymers in solution. This allows to easily change

the sample temperature or observe in situ the formation of structures as a function of

time.88

�

Source

Detector

Sample
ki

ks

q

Figure 1.5: Sketch of a typical scattering experiment.

Figure 1.5 shows the layout of a typical SAS experiment. The incoming beam of

highly collimated neutrons or X-rays impinges on the sample and gets scattered under

a scattering angle θ. The scattered beam is detected by a detector, allowing to measure

the scattering intensity as a function of scattering angle θ. In practice, instead of using

the scattering angle θ the scattering vector ~q is defined as88

~q = ~ks − ~ki, (1.4)

with ~ks and ~ki being the propagation vector of the scattered beam and incident beam,

respectively. For elastic and quasielastic scattering, the only type of scattering consid-

ered in this work, the magnitude of ~ki and ~ks are identical. The magnitude of the

scattering vector or so-called momentum transfer q corresponds to the length of ~q as

illustrated in Figure 1.5 and is given by88

q = |~q| =
4π

λ
sin
(
θ

2

)
, (1.5)

with λ being the wavelength of neutrons in small-angle neutron scattering (SANS) or

X-rays in small-angle X-ray scattering (SAXS).

In general, the scattered intensity is expressed as differential scattering cross-section

per unit sample volume dΣ
dΩ(q), also called macroscopic scattering cross-section. It

describes the scattering probability from the unit sample volume into the solid angle

dΩ and is a quantitative description of the interaction of the radiation with the sample.
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Therefore, it only depends on the structure of the sample and the type of radiation used

in the experiment. It is given in absolute units and allows comparison of scattering

experiments performed at different instruments.88

The macroscopic scattering cross-section for a system composed of particles is given

by
dΣ

dΩ
(q) = NV2 (∆ρ)2 P (q)S (q) , (1.6)

with N being the number concentration of particles, V the volume of the particle and

∆ρ the excess scattering length density, which depends on the type of radiation used in

the experiment. P(q) is the form factor of the particles, characteristic for the shape and

dimension of the objects and S(q) is the structure factor of the particles describing the

interactions between the particles.88

∆ρ is given by the difference in scattering length density of the object and the solvent

∆ρ = ρ− ρsolvent (1.7)

The scattering length density is defined as:

ρ =
b

Vm
(1.8)

with Vm being the molecular volume and b the scattering length for neutrons or X-rays.

As the scattering length b for neutrons depends on the isotope and is considerably

different for hydrogen and deuterium, it is common to use deuterated compounds or

solvents for SANS. Varying the solvent composition, for example by using mixtures of

light (H2O) and heavy water (D2O), ρsolvent is modified without changing the chemical

nature of the solvent. This gives rise to the so-called contrast variation technique.89,90

It allows changing ∆ρ by varying ρsolvent and can be used to highlight or match certain

parts of multi-component systems in a SANS experiment.

For dilute systems S(q) ≈ 1 and equation 1.6 simplifies to:

dΣ

dΩ
= NV2 (∆ρ)2 P (q) . (1.9)

In order to describe the experimental data properly, an appropriate model for the form

factor P(q) is necessary. In the limit of q · Rg < 1, the form factor can be described by

the Guinier approximation:

P(q) ≈ exp

(
−q2R2g
3

)
, (1.10)
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with Rg being the radius of gyration of the particle. Equation 1.10 can be used in model-

free analysis to determine information such as Rg and the forward scattering dΣ
dΩ

(q = 0)

without a priori knowledge of characteristics of the system.88

In order to accurately describe the experimentally measured macroscopic scattering

cross-section, preliminary informations about the system are required. These can be

derived from the sample concentration, molar volumes and scattering length as well

as complementary techniques such as electron microscopy, AFM or nuclear magnetic

resonance (NMR) spectroscopy.

Combining these information helps to develop and choose appropriate expressions

for P(q). Form factors for a wide variety of structures such as homogeneous spheres,91

polymer chains,92,93 cylinders94,95 and block copolymer micelles96,97 were derived and

are summarized in reference [98].

1.1.4 Static and dynamic light scattering

Instead of using X-rays or neutrons one can also use visible light for a scattering ex-

periment. For elastic scattering this technique is commonly referred to as static light

scattering (SLS). Modern laser light sources provide coherent laser beams with high in-

tensities, which are linearly polarized in SLS. Due to the use of visible light as radiation

the refractive index n has to be taken into account for the calculation of the momentum

transfer q99

q =
4πn

λ0
sin
(
θ

2

)
, (1.11)

with λ0 being the wavelength of the light in vacuo.

In a SLS experiment, the macroscopic scattering cross-section dΣ
dΩ

(q) is measured

and commonly denoted as Rayleigh ratio ∆Rθ (q). Equation 1.9 can be reformulated

as88,100

dΣ

dΩ
(q) = ∆Rθ (q) = KcMwP(q), (1.12)

with K being the optical constant, c the mass concentration, Mw the weight-averaged

molecular weight and P(q) the form factor. K is given by

K =
4π2

λ40NA

(
nStandard

dn

dc

)2
, (1.13)

with NA being the Avogadro constant, nStandard the refractive index of the standard

used for calibration of absolute intensity and dn
dc the refractive index increment. dn

dc

is the equivalent of the scattering length density ∆ρ used in SANS and SAXS. The
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1.1.4 — Static and dynamic light scattering

advantage of expressing the Rayleigh ratio by equation 1.12 is that with knowledge of

the optical constant K and the concentration c, the weight-average molecular weight is

easily accessible.88

The form factor at low q can be described by the Guinier approximation (equation

1.10) or by the Zimm approximation:

1

P(q)
≈ 1+ 1

3
q2R2g. (1.14)

Taking into account sample-solvent interactions by means of the second virial coefficient

A2 and rearranging equation 1.12 and 1.14 one obtains the Zimm equation101:

Kc

∆Rθ
=

1

Mw
+ 2A2c+

R2g

3Mw
q2. (1.15)

Equation 1.15 can be used together with the refractive index increment dndc and a series

of measurements at various concentrations c to determine A2 and extrapolate Mw and

Rg to c = 0 and q = 0.

Another scattering technique, which is highly suitable for the characterization of

polyelectrolytes in solution is dynamic light scattering (DLS) or photon correlation spec-

troscopy. This technique exploits quasi-elastic scattering, probing temporal fluctuations

of the scattering intensity and thereby making use of the large coherence of the laser

light.99

DLS measures the intensity-time correlation function g2(q, τ)

g2(q, τ) =

〈
I (q, t) I (q, t+ τ)

〉〈
I (q, t)

〉2 (1.16)

The function describes the correlation of the scattering intensity I(q, t) at a given time

t with the scattering intensity I(q, t + τ) at a time t + τ. Consequently, g2 does not

depend on the time t but on the lag or correlation time τ. The brackets
〈
...
〉

indicate that

the correlation is averaged over the time t of the measurement, and the denominator〈
I(q, t)

〉2 corresponds to normalization by the averaged squared scattering intensity.99

The Siegert relation connects the intensity-time autocorrelation function to the field-

time autocorrelation function g1(q, τ) and is crucial for data analysis of DLS:

g2(q, τ) = 1+
[
g1 (q, τ)

]2. (1.17)

The field-time autocorrelation g1(q, τ)

g1(q, τ) =

〈
E(t)E(t+ τ)

〉〈
E(q, t)

〉2 (1.18)
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correlates the scattered field E(t) at a time t with the field E(q, t+ τ) at a time t+ τ.

g1(q, τ) for monodisperse dilute particles can be described by an exponential func-

tion with a relaxation rate Γ :

g1(q, t) = exp (−Γτ). (1.19)

For polydisperse samples g1(q, t) can be described by a sum of different relaxation rates

Γi weighted by µi:102,103

g1(q, t) =
N∑
i=1

µi exp (−Γiτ). (1.20)

A series expansion of equation 1.20 results in an expression which is used for the so-

called cumulant analysis of g1

ln (g1 (q, τ)) = −Γ̄ τ+
µ2
2!
τ2 −

µ3
3!
τ3 + ..., (1.21)

with Γ̄ being the average relaxation rate, µ2 the second and µ3 the third cumulant.102 Γ̄

allows to determine the appararent diffusion coefficient Dapp:

Dapp =
Γ̄

q2
. (1.22)

In case of sample interaction, the diffusion coefficient is extrapolated to q = 0 and c = 0

yielding the z-averaged diffusion coefficient D0 according to:104,105

D = D0
(
1+ kDc+CR

2
gq
2
)

, (1.23)

where kD and C are constants accounting for the concentration and q dependence of

the apparent diffusion coefficient Dapp.

The Stokes-Einstein equation allows to calculate the hydrodynamic radius Rh with

knowledge of the diffusion coefficient D099

Rh =
kBT

6πηD0
, (1.24)

where kB is the Boltzmann constant, T the temperature and η the dynamic viscosity of

the sample.

1.2 Objective of the thesis

The objective of this dissertation is to investigate new strategies for the self-assembly of

polyelectrolytes and oppositely charged cations. Two different strategies are pursued to

achieve this goal:
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The first strategy makes use of a new class of like charged block copolyelectrolytes,

consisting of the two anionic polyelectrolytes polyacrylate (PA) and polystyrene sul-

fonate (PSS).87 The combination of two anionic polyelectrolytes with vastly different

interaction schemes towards multivalent cations offers a large playground for self-

assembled structures, which was largely overlooked so far. In the dissertation, pref-

erential binding of earth alkaline cations to individual blocks of PA-b-PSS will be used

to control self-assembly of the copolymers. The structure and morphology of the self-

assembled structures will be studied by scattering methods. As described in section

1.1.1, the effect of temperature on the binding of alkaline earth cations to PA and PSS

can be entirely different. For PA an increase of the temperature promotes binding of

earth alkaline cations,19,26,42,43 while for PSS a decrease of temperature promotes the

binding of Ba2+.24,26,49 In both cases, coil shrinkage and eventually aggregation of the

homopolyelectrolytes was achieved by means of temperature variation. Motivated by

this behavior, PA-b-PSS block copolymers were selected as a promising candidate for

a controlled response of SIC binding. This allows to tune the hydrophobicity of the

polyelectrolyte blocks by temperature variation. Therefore, the effect of temperature on

the self-assembly of PA-b-PSS will be studied and it will be elucidated if an invertible

micellar system can be realized in the presence of earth alkaline cations.

The second strategy for self-assembly of polyelectrolytes and oppositely charged

cations is to increase the complexity of the multivalent cation. For this purpose a di-

valent cationic diazobenzene dye is synthesized.106 The diazobenzene dye undergoes

a trans −−→ cis isomerization upon irradiation with UV light which results in an in-

creased polarity of the dye.107 In contrast to previous studies,53,66,108 the π-π interaction

between the dye molecules are rather weak making electrostatic interactions the main

driving force for complex formation with oppositely charged polyelectrolytes. It will be

investigated if the isomerization influences the binding of the cation to polyelectrolytes

and therefore the structure of the polyelectrolyte-dye complexes. In addition, the re-

verse process will be studied as the cis-isomer is a metastable state and conversion back

to the trans-isomer takes place. It will be elucidated if the initial structures are reformed

upon return to the trans state, which is of utter importance for the design of functional

light-responsive materials.64,65,108 In conclusion, a potential system will be developed,

where the specific interaction can be controlled by an external stimulus such as light.

The present work is a cumulative thesis and therefore presents the results in terms

of four separate chapters based on four individual peer-reviewed articles.
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Chapter 4 presents the synthesis of PA-b-PSS block copolymers and their self-

assembly in the presence of Ca2+. Equally important, it demonstrates that this micelle

formation is reversible either through a change in temperature or by addition of a com-

plexing agent such as EDTA. Moreover, a preliminary characterization of the micelle

structure is presented using contrast variation SANS.

Chapter 5 extends chapter 4 by providing an in-depth model-independent and

model-dependent analysis of contrast variation SANS experiments on PA-b-PSS micelles

and combines this with SAXS and light scattering experiments. This robust approach is

also employed on samples which show an isotope effect during the contrast variation

experiment and on samples with a fully hydrogenated block copolymer.

Chapter 6 demonstrates that invertible micelles can be realized by combining PA-

b-PSS block copolymers with Sr2+ and Ba2+. Temperature is used as a main stimulus

to form block copolymer micelles at low and high temperatures, with an intermediate

regime of single chains. The structure of the micelles at low and high temperatures is

entirely different, as will be probed by SANS, SAXS and light scattering. This can be

well understood by the thermodynamics of binding of the multivalent cations to the

corresponding polyelectrolyte blocks.

Chapter 7 deals with the self-assembly of a PA homopolymer and a divalent azoben-

zene cation. Dye and polyelectrolyte form well-defined spherical aggregates, which can

be disassembled by shining UV-light on the sample. This triggers the trans −−→ cis

isomerization of the dye. During relaxation of the cis back to the trans-state, structures

are reformed. The size of those structures can be precisely tailored by controlling the

temperature during isomerization. Monitoring the self-assembly process with time-

resolved SANS gives valuable insight into the mechanism of structure formation.
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Chapter 2

Synopsis

The dissertation includes four publications and manuscripts outlined in Chapter 4, 5,

6 and 7. The results of these chapters are summarized in Sections 2.1 and 2.2 of the

present chapter, followed by an outlook.

2.1 Block copolymers of two negatively charged polyelectrolytes

NaO
O

DDD

SO3Na

x y

NaO
O

SO3Na

x y

Figure 2.1: Chemical structure

of PA-b-PSS block copolymers

with fully hydrogenated blocks

(left) and the PA block being

fully deuterated (right).

One of the main themes in the present work is to

employ block copolymers of two anionic polyelec-

trolytes for self-assembly. This is realized by using

polyelectrolyte blocks, which have different interac-

tion patterns with earth alkaline cations.1–10 In Chap-

ter 4, the synthesis and characterization of such block

copolymers composed of sodium polyacrylate (PA)

and sodium polystyrene sulfonate (PSS) is described.

Figure 2.1 shows the chemical structure of this type

of block copolymers. The left structure shows a poly-

mer with both blocks being hydrogenated and the

right structure shows a polymer with the PSS block being hydrogenated and the PA

block deuterated. In order to investigate the influence of the block ratio of PA and PSS

on the self-assembly in the presence of multivalent cations, several block copolymers

with varying PA/PSS ratios are synthesized.

Table 2.1 lists the synthesized polymers together with the realized ratios between

PA and PSS blocks. The subscript number denotes the degree of polymerization of the

corresponding block. As SANS is used as one of the main techniques to characterize the

structure of the polyelectrolytes a part of the polymers carries a deuterated PA block,

denoted as d3-PA, while h3-PA indicates a hydrogenated PA block.

Ca2+ is chosen as a cation to start the investigation of the phase behavior of the block

copolymers, as it is expected to only interact with PA but not with PSS.2,8 This makes
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Table 2.1: Overview of PA-b-PSS polymers used in the present work. The subscript
number denotes the degree of polymerization and d3-PA and h3-PA deuteration and
hydrogenation of the PA block.

Sample PA:PSS /mol%
h3-PA1190PSS70 94:6
d3-PA1190PSS70 94:6
d3-PA360PSS400 47:53

h3-PA100PSS750 12:88

it an ideal reference state for more complex interaction patterns. For block copolymers

with a long PA and a short PSS block (d3-PA1190PSS70 and h3-PA1190PSS70), as well as

with equal ratios of PA and PSS blocks (d3-PA360PSS400) stable micelles are found in the

presence of Ca2+. Micelles formation arises from the specific binding of Ca2+ to the PA

block. In contrast, the polymer with a long PSS and a short PA block (h3-PA100PSS750)

does not show micellization in the presence of Ca2+, as the PA block required to form

micelles is not sufficiently long.

In order to demonstrate the role of Ca2+ binding to the PA block, self-assembly is

reversed by addition of ethylenediaminetetraacetic acid (EDTA). EDTA complexes the

Ca2+ cations, which were previously bound to PA, resulting in a return to the single

chain state. Alternating Ca2+ and EDTA additions results in formation and dissolution

of the micelles, proving that the process is fully reversible. More insight into the role

of Ca2+ binding to the PA block is obtained by preparing a sample in the single chain

regime close to the micelle transition. Increase of the temperature promotes the binding

of Ca2+ to PA as it is an entropically driven process11,12 and initiates the formation of

micelles. Performing temperature cycles between 25 ◦C and 65 ◦C with this specimen al-

lows to switch between single chains and micelles. This nicely illustrates that triggering

self-assembly by means of temperature variation is also a fully reversible process.

Ca2+
- -- -- -- ----- ------

PA-b-PSS

Figure 2.2: Scheme of the block copolymers of PA-b-PSS formed in the presence of Ca2+.
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In order to get an insight into the structure of the micelles, the two polymers with

deuterated PA blocks d3-PA1190PSS70 and d3-PA360PSS400 are employed for a contrast

variation SANS experiment.13,14 This is realized by utilizing different ratios of H2O/D2O

as solvent. The theoretical match point is calculated from the chemical composition and

the scattering length density15 and compared to the experimentally found one. Both

values are in excellent agreement, confirming the success of the block copolymer syn-

thesis and the validity of the polymer characterization. A preliminary analysis of the

scattering data reveals, that indeed d3-PA forms the core of the micelles. This is in

agreement with the previous results and highlights that the binding of Ca2+ to PA is

the main origin for the self-assembly. PSS forms the corona of the well-defined spher-

ical block copolymer micelles and stabilizes them. Figure 2.2 schematically shows the

micellization of PA-b-PSS in the presence of Ca2+.

Chapter 5 provides an in-depth analysis of the contrast-variation experiment with a

suitable form factor model.16 In addition to the two deuterated samples, the fully hy-

drogenated polymer h3-PA1190PSS70 is investigated. The SANS data are complemented

by SAXS and DLS data, with SAXS and DLS being performed on the same samples as

used for contrast variation SANS. Comparison of the SAXS profiles of d3-PA360PSS400

at varying H2O/D2O ratios shows, that change of solvent from light to heavy water has

no influence on the micellar structure. However, for d3-PA1190PSS70 and h3-PA1190PSS70,

the SAXS data show a continuous shift of the form factor minima to higher momentum

transfers q when the D2O content is increased. This corresponds to a slight decrease of

the micelle size with increasing D2O content and highlights the importance of combin-

ing SAXS and SANS. A form factor model composed of a homogeneous PA core and

a PSS corona16 is applied simultaneously to all SANS data at variable H2O/D2O ratios

and the corresponding SAXS profiles. This approach yields reliable information about

the structure and dimensions of the micelles. d3-PA360PSS400 micelles have a consider-

ably smaller aggregation number of 19 compared to d3-PA1190PSS70 and h3-PA1190PSS70

with aggregation numbers of 168 > Nagg > 126 and 145 > 117, respectively. It turned

out that the micelle core is highly swollen by solvent, with water contents between 83%

and 85%. The resulting micellar core radius from d3-PA360PSS400 is 8.8nm and is con-

siderably smaller than the core radius of micelles from d3-PA1190PSS70 (23.7nm) and

from h3-PA1190PSS70 (22.3nm).

The analysis of the scattering data also shows that the structure of the corona varies

with changing block ratio.17 For the polymer with the short PSS block, the corona is

rather thin with a radius of gyration of the PSS chains of 2.1nm. In contrast, the radius
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of gyration of the PSS chains for d3-PA360PSS400 is 8.6nm, which results in a consid-

erably thicker corona. The reduced surface coverage Σ
Σ∗ , which is the two-dimensional

equivalent of c
c∗ with c being the concentration and c∗ the overlap concentration, is

used to obtain more information about the polymer chains in the corona.[16, 17] For

d3-PA360PSS400 micelles Σ
Σ∗ is larger than the critical value of unity showing that the

PSS chains overlap. This leads to excluded volume effects of the chains in the corona.

In contrast, values of Σ
Σ∗ around 0.2 are found for d3-PA1190PSS70 and h3-PA1190PSS70

micelles, indicating that the PSS chains of those micelles are not overlapping.

The isotope effect observed for d3-PA1190PSS70 and h3-PA1190PSS70 when changing

the solvent from H2O to D2O is also investigated in greater detail. As the effect only

occurs for the polymers with the long PA block, it is obvious that the binding of Ca2+

to PA plays an important role. The binding of Ca2+ to PA in H2O and D2O is measured

using ITC, which reveals that the binding constant and stochiometry of binding are

essentially identical in both solvents. Nevertheless, the binding enthalpy ∆H is slightly

larger in D2O compared to H2O. It is concluded that this slight difference controls the

binding of Ca2+ and obviously the aggregation number of the micelles.

Moreover, a model free analysis of the scattering data only requiring the chemi-

cal composition of the block copolymers and the scattering length densities is carried

out.13 The analysis confirms once more that d3-PA forms the core of the micelles and

PSS the corona. In addition, it allows the determination of the micelle dimensions.13,14,18

The found values are in excellent agreement with the results from the form factor fits.

Finally, the model free analysis is successfully employed to the fully hydrogenated poly-

mer h3-PA1190PSS70, using the fact that the scattering length densities of h3-PA and PSS

are not identical. In conclusion, the used method is a powerful approach for systems

where no mathematical expressions for the form factor are available and even works on

systems where deuteration is not practical or feasible.

After understanding the phase behavior of PA-b-PSS in the presence of Ca2+, Chap-

ter 6 extends this knowledge to the earth alkaline cations Sr2+ and Ba2+. It is demon-

strated, that a similar phase behavior as found for Ca2+ is also observed for Sr2+ and

Ba2+. The resulting micelles also have a core formed by PA/M2+ and a corona of PSS.

Micelle formation for Sr2+ is based on the fact, that PSS does not show a specific inter-

action with Sr2+ at room temperature.7 For Ba2+ the binding situation is more complex.

It interacts with PA as well as PSS specifically.7,8,19 However, the precipitation threshold

of Ba2+/PA is considerably lower as the one for Ba2+/PSS. As a result the interaction

of Ba2+ with PA dominates the phase behavior of PA-b-PSS.
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Figure 2.3: Scheme of the invertible micelles realized with PA-b-PSS.

Based on previous works, it was anticipated that temperature has a strong influence

on the binding of earth alkaline cations to the polyelectrolytes. Therefore, samples of a

selected PA-b-PSS (d3-PA1190PSS70) are prepared close to the micellization threshold in

the presence of Ca2+, Sr2+ and Ba2+. For all three samples, the polymer is present as a

single chain at room temperature and upon increase of temperature micelle formation is

observed. This arises from the entropic binding of M2+ to the PA block.11,12 In contrast,

micelle formation is observed at low temperatures only in the presence of Sr2+ and

Ba2+. This can be attributed to the different thermodynamics of binding of those cations

to PSS. As in the case of PA, M2+ binding is composed of a two-step process. First, M2+

penetrates into the domains of PSS and releases sodium cation, which is entropically

favorable. Next, the actual binding of M2+ to PSS takes place, which is associated

with a negative binding enthalpy.19 This second process is responsible for the promoted

binding of Sr2+ and Ba2+ to PSS at low temperatures. A SANS experiment with a partly

deuterated block copolymer indeed shows that PA forms the core at high temperatures,

while PSS forms the micelle core at low temperatures. As a conclusion, an invertible

micellar system can be realized with PA-b-PSS in the presence of Sr2+ and Ba2+. Figure

2.3 summarizes the temperature dependent phase behavior of PA-b-PSS in the presence

of earth alkaline cations.

2.2 Self-assembly of polyelectrolytes and diazobenzene dyes

After increasing the complexity of the polymer by introducing a new type of block-

copolyelectrolytes, Chapter 7 deals with increasing the complexity of the multivalent

cation. For this purpose, a divalent diazobenzene cation diAzoEt is synthesized, which
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Figure 2.4: Chemical structure of the trans and cis-isomer of diAzoEt.

can undergo a trans −−→ cis isomerization under light irradiation as shown in Figure

2.4.

Mixing the anionic polyelectrolyte PA with diAzoEt results in the formation of

highly turbid solutions, indicating the formation of large assemblies. The aggregates

are only stable, when 80%-100% of the PA monomer units are complexed by the cation.

Beyond charge neutrality the structures precipitate from solution. Complexes between

PSS and diAzoEt are only stable in a very narrow regime around charge neutrality

and are therefore not further investigated. The structure of the PA/diAzoEt assem-

blies is characterized by SANS and it is shown that spherical complexes composed of

PA/diAzoEt are formed.20 Similarly, as previously observed for PA-b-PSS micelles, the

spherical aggregates are highly swollen by water. Illumination of the complexes with

UV light at 365nm triggers the trans −−→ cis isomerization of diAzoEt and turns the

highly turbid solutions into clear ones. SANS shows that the assemblies are effectively

dissolved into individual PA chains. The cis-dye is more polar compared to the trans-

isomer and has a higher water solubility.21 This results in a higher hydrophilicity and

lower tendency of binding to the oppositely charged PA. Effectively, cis-diAzoEt acts as

an inert salt and screens the charges of the individual PA chains.

Relaxation of the cis-isomer back into the thermodynamically stable trans-isomer

promotes the binding to PA and results in reformation of well-defined PA-diAzoEt

aggregates. It turns out that the temperature during this step strongly influences the size

of the aggregates, with smaller sizes occurring at higher temperatures. Monitoring the

reformation step with time-resolved SANS allows to follow the structure formation in-

situ. This experiment reveals that the self-assembly process takes place in three distinct

steps: first cis-dye is converted back to the trans-isomer and immediately binds to the

PA chain. Once a sufficient amount of dye is converted to the trans-isomer, the second

step entitled as nucleation phase, takes place. This very rapid process is followed by the
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third step which is the growth step to the final aggregate size. Control of the nucleation

phase through temperature allows to influence the number of nuclei and therefore the

final size of the structures.

2.3 Outlook

New strategies for the self-assembly of polyelectrolytes with multivalent cations are ex-

plored in the present thesis. One strategy utilizes block copolymers of PA and PSS and

makes use of the specific interaction of earth alkaline cations with the corresponding

blocks. At room temperature Ca2+ and Sr2+ only interact with PA but not with PSS.

In contrast, Ba2+ interacts with the PA as well as with the PSS block of the copolymer.

As the precipitation threshold of PA/Ba2+ is found to be considerably lower than the

one for PSS/Ba2+, the binding of Ba2+ to the PA block still dominates the association

behavior at moderate concentrations of Ba2+. This results in block copolymer micelles

with a PA/Ba2+ core and PSS corona.

10−1 100

q/nm 1

10−3

10−1

101

d d
/c
m

1

BA

Figure 2.5: A Cryo-TEM micrography and B SANS profile of PA-b-PSS in the presence of
Ba2+. The solid line represents a fit to the form factor model of a mixture of spherical22

and worm-like block copolymer micelles.23

When the concentration of Ba2+ for such a micellar sample is increased beyond

20mmol L−1 Ba2+ the polymer precipitates from solution. This is attributed to the pre-

cipitation threshold of the PSS block with Ba2+8 and leads to a vanishing stabilization

of the micelles by the PSS corona and finally precipitation of the micelles. Investigation

of samples close to this precipitation threshold shows a transition from spherical mi-

celles to worm-like micelles. Figure 2.5 shows a micrograph obtained from cryogenic

transmission-electron microscopy and a SANS profile of such a sample. Both techniques
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provide evidence for the presence of elongated structures. It is expected that the precip-

tation of PSS/Ba2+ plays an important role in this morphological transition. However,

the region where these structures can be studied is rather small as they precipitate from

solution once the Ba2+/PSS threshold is crossed.

NaO
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SO3Na

x y

O

OH

O

z

Figure 2.6: Chemical

structure of PA-b-PSS-b-

PHEA a triblock copoly-

mer.

In order to prevent precipitation of the block copoly-

mer another block, acting as stabilizing block, can be in-

troduced. Therefore, a block copolymer is synthesized,

containing PA, PSS and poly (2-hydroxyethyl acrylate)

(PHEA). PHEA is a water soluble but non-ionic polymer

and Figure 2.6 shows the chemical structure of the PA-b-

PSS-b-PHEA triblock copolymer. First experiments with

such a polymer show that block copolymer micelles are

formed in the presence of Ba2+ and that those are stable

up to very high Ba2+ concentrations of 250mmol L−1. So

far, worm-like micelles for PA-b-PSS-b-PHEA blockcopolymer are only found at very

high Ba2+ concentrations of 250mmol L−1 Ba2+. This probably arises from the unfa-

vorable ratios between hydrophilic (PHEA) and hydrohpobic (PA/Ba2+ and PSS/Ba2+)

blocks, which favors the formation of spherical rather than worm-like micelles. How-

ever, this nicely demonstrates that introducing PHEA as a stabilizing block is an effec-

tive approach and a promising route for the study of the transition from spherical to

worm-like micelles. A detailed study of the phase behavior and the influence of the

block ratios of PA, PSS and PHEA is highly promising but unfortunately beyond the

scope of this work.

The second strategy for the self-assembly of polyelectrolytes employs the divalent

dye cation diAzoEt. Complexes between PA and diAzoEt result in well-defined spheri-

cal aggregates, which can be manipulated by triggering the trans −−→ cis isomerization

of the dye with UV light. However, the PA-diAzoEt aggregates are only stable up to

charge neutrality between polyelectrolyte and dye. Beyond they precipitate from solu-

tion. Introducing PHEA as a water-soluble but non-ionic stabilizing block may also be

interesting for this system. Employing a PA-b-PHEA block copolymer could extend the

stability of the complexes beyond charge neutrality. This would dramatically increase

the versatility of the light controlled self-assembly process.

A constant challenge during this work is the characterization of block copolymers.

In the present work a combination of SLS, DLS and NMR is used to characterize the

synthesized polymers. However, the standard technique for the determination of the
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molecular weight and polydispersity of block copolymers is size-exclusion chromatog-

raphy (SEC).24 Characterizing polyelectrolytes with SEC requires suitable column ma-

terials and the use of aqueous solvents.25,26 Reliable protocols for aqueous SEC only

exist for homopolymers of polyelectrolytes. Identifying suitable solvents and column

materials for the characterization of block copolyelectrolytes with SEC would provide

an important tool for the characterization of such materials. This is highly relevant in

respect of the rapid progress in controlled radical polymerization techniques as the use

of polyelectrolytes and water-soluble polymers is expected to increase.27,28
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Chapter 4

Ion-selective binding as a new trigger for

micellization of block copolyelectrolytes with

two anionic blocks

Abstract

This work presents well-defined and switchable micelles of block copolymers con-

sisting of the two anionic polyelectrolytes sodium polyacrylate (NaPA) and sodium

polystyrene sulfonate (NaPSS). Micellization occurs due to the specific binding of

Ca2+ to acrylate groups, which results in neutralization of the corresponding block

and thereby formation of the hydrophobic core of the micelles. In contrast, the PSS

block remains charged and forms the stabilizing shell. Micellization is triggered by

variations of the Ca2+ concentration or the temperature and is a fully reversible and

repeatable process. Small-Angle Neutron Scattering (SANS) could unambiguously re-

veal the structure of the micelles, using a partially deuterated polymer and the contrast

variation technique. Considering the variety of metal cations and their broad spectrum

of interactions with polyelectrolytes, this new class of like-charged block copolymers

opens the door to a broad range of switchable and responsive polyelectrolyte-based

systems.

This chapter is based on Carl, N.; Prévost, S.; Schweins, R.; Huber, K.;

Ion-selective binding as a new trigger for micellization of block copoly-

electrolytes with two anionic blocks; Soft Matter, 2019, 15, 8266-8271,

DOI: 10.1039/C9SM01138B published by The Royal Society of Chemistry.
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4.1 Introduction

Block copolymers establish a family of versatile macromolecules, capable of combining

diverse properties and response patterns in one polymer chain.1,2 They can mediate

among different phases, acting as surfactants in aqueous media or compatibilizing two

different non-miscible polymers.2–4 Most of the works published so far on block copoly-

mers deal with the combination of either two neutral polymers5–8 or one neutral and one

charged block.9–13 The present work establishes an entirely new strategy, where charac-

teristic features of two different anionic polyelectrolytes shall be introduced into block

copolymeric systems. The motivation for pursuing such a strategy is based on a rich

variety of interactions between polyelectrolytes and metal cations in aqueous solutions.

Such interactions may be purely electrostatic in nature, leading to counterion condensa-

tion and charge screening or they may be chemically specific. Such specific interactions

corresponding to complex binding of the cations to the anionic residues neutralize the

polyelectrolyte chains partly or entirely and drastically change their solution behavior.14

We employ this specific interaction to form micelles.

Previous work addressed the specific interaction of Ca2+ with sodium polyacrylate

(NaPA),15–21 where the cations form complex bonds with the negatively charged COO−

residues of the PA chain. Upon increase of the Ca2+ concentration the polyelectrolytes

get increasingly neutralized by Ca2+ until a critical concentration [Ca2+]c is reached,

beyond which a precipitation threshold according to

[Ca2+]c = m+ r0[PE] (4.1)

is crossed for this particular system, where [PE] is the concentration of polyelectrolyte

monomer units, m the minimum concentration of Ca2+ required to precipitate the poly-

mer at infinite dilution and r0 reflects the stoichiometry of binding. Isothermal titration

calorimetry with NaPA and Ca2+ revealed a strong endothermic reaction thus support-

ing the strong binding of Ca2+ to COO−22 due to the release of two sodium cations

and several water molecules upon binding. Consequently, temperature variations can

be used as a second mode to control the phase behavior in addition to a variation of

the Ca2+ concentration.23 An increase in temperature is expected to promote further

binding of Ca2+ to anionic PA chains and thus to induce precipitation of a CaPA phase.

In contrast, sodium polystyrenesulfonate (NaPSS) and Ca2+ do not show specific

interactions. No matter how large the concentration of Ca2+ gets PSS remains soluble
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in water. Light scattering and isothermal titration calorimetry demonstrated that PSS

chains do not aggregate in the presence of Ca2+ and no binding takes place.24,25

Blockcopolymers of PSS and PA combine this diverging response pattern toward

Ca2+ cations in one polymer. Whereas the PA block is expected to become decorated

with Ca2+ cations, thus changing its solution behavior in water drastically, the PSS block

only interacts non-specifically with Ca2+, thus staying soluble. Only one publication is

known to the authors, which reports on the synthesis of a PA-b-PSS block copolymer

and applies it to form multi-layers by a layer-by-layer assembly.26

In the present work, PA-b-PSS block copolymers are synthesized in order to inves-

tigate how the combination of the two different response patterns towards Ca2+ affect

the solution behavior of such block copolyelectrolytes. The investigation is motivated

by the chance to unravel a new toolbox for the design of switchable materials to be

controlled via the selection of block lengths, type of cation or temperature.

4.2 Results and discussion

4.2.1 Polymer characterization

Four different block copolyelectrolytes of PSS and PA are investigated in this work.

Two polymers have a deuterated PA block, one with a long PA and a short PSS block

(d3-PA1190PSS70) and one with a symmetric block ratio (d3-PA360PSS400). Deuteration

facilitates a meaningful small angle neutron scattering experiment (SANS) based on

contrast variation, which shall provide clear insight in the block copolyelectrolyte mor-

phology induced by Ca2+ cations. One further polymer serves as the fully hydrogenated

reference for the asymmetrical case (h3-PA1190PSS70) and the fourth polymer has a long

PSS and a short PA block (h3-PA100PSS750). The subscript denotes the degree of poly-

merization. Synthesis of the block copolymers proceeded via RAFT polymerization (Sec

Table 4.1: Overview of polymers, compositions, weight-averaged molecular weights
Mw and hydrodynamic radii Rh determined from NMR and static/dynamic light scat-
tering in 0.1mol L−1 NaCl in the absence of CaCl2

Sample PA:PSS /mol% Mw /kgmol−1 Rh /nm
h3-PA1190PSS70 94:6 160± 3 13.8± 0.6
d3-PA1190PSS70 94:6 181± 3 13.6± 0.5
d3-PA360PSS400 47:53 127± 1 10.4± 0.2
h3-PA100PSS750 12:88 220± 2 14.0± 0.2
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4.4.1 of the ESI†). In all cases, the shorter block served as macro RAFT agent, which was

successively exposed to the RAFT polymerization of the second monomer. Character-

ization of the resulting block copolyelectrolytes was carried out with NMR and static

and dynamic light scattering (SLS and DLS). NMR revealed the ratio between PA and

PSS blocks, fully in agreement with the anticipated values. Although compatible with

the formation of block copolymers, NMR cannot entirely exclude coexistence of the

blocks as separate coils. SLS and DLS further support the formation of the proper

block copolyelectrolytes as the values for the respective weight averaged molar mass

values Mw are in agreement with the values calculated from NMR and DLS in no case

showed a second mode. Characterisation of polyelectrolytes with size exclusion chro-

matography (SEC), particularly in cases of more complex morphologies such as block

copolyelectrolytes, is extremely challenging.27 We tried to develop a SEC-protocol in

aqueous 0.1mol L−1 Na2HPO4 and failed to obtain meaningful results. As shall be

outlined later on, SANS at variable scattering contrast, which is the major tool of the

present work in unravelling the morphology of the resulting aggregates, provides an

independent proof of the successful connection of the two blocks. The characterization

of all four block copolyelectrolytes are summarized in Table 4.1. Detailed data are given

in Sec 4.4.2 of the ESI†.

4.2.2 Phase behavior in the presence of Ca2+

The set of block copolyelectrolytes reveals a remarkable response pattern in aqueous

solutions of CaCl2. At low Ca2+ concentrations, all samples show single chain be-

haviour. With increasing CaCl2 concentration, the polymer with the longest PA block

(PA1190PSS70) reaches a threshold beyond which stable aggregates are formed (Figure

4.1A). This is in contrast to pure PA, which exhibits a precipitation threshold instead.

The line of aggregation shows the same trend as the respective precipitation thresh-

old in case of pure PA.15 Upon further increase of the Ca2+ concentration, a second

threshold line appears depicting precipitation of the aggregates.

Noteworthy, the exchange of deuterated by hydrogenated PA (d3-PA1190PSS70 ver-

sus h3-PA1190PSS70) does not affect this solution behavior. By decreasing the PSS/PA

block ratio to the symmetric case (d3-PA360PSS400), the regime of stable single coils is

even extended and the aggregation threshold gets almost horizontal. No second phase

boundary indicating precipitation is detected in this case. Strikingly, the polymer with

the long PSS and short PA block (h3-PA100PSS750) remains stable in the state of single
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Figure 4.1: Phase diagrams of (A) d3-PA1190PSS70/ h3-PA1190PSS70 and (B)
d3-PA360PSS400 in the presence of Ca2+. The black points indicate the points where
SANS experiments with contrast variation were performed.

coils throughout the entire probed phase diagram. This complex pattern can be nicely

reconciled with the response pattern of the two pure polyelectrolytes in solution. As

PSS does not show any specific interactions within aqueous solution remaining soluble

at any Ca2+ concentration, this feature also dominates as long as the PSS block is long

enough. With increasing length of the PA block, specific interactions among PA and

Ca2+ come into play, which induce a precipitation in case of pure PA and which lead to

aggregates in case of block copolyelectrolytes, obviously stabilized by the PSS blocks. At

short enough PSS blocks, the aggregation threshold starts to resemble the precipitation

line of pure PA. Thus, the PSS blocks confine the typical precipitation threshold of pure

PA (eq 4.1) now to domains of stable aggregates keeping them in solution. However,

the short PSS blocks cannot prevent precipitation of the polymers at very high Ca2+

content establishing a second phase boundary.

These findings suggest that the aggregates adopt a micellar shape where the

Ca2+/PA complexes caused by specific interactions form the less soluble core with this

core being stabilized by the dangling and still soluble anionic PSS blocks. This morphol-

ogy justifies the use of the term micelles from now and the structure of those micelles
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4 — Micellization of block copolyelectrolytes

Figure 4.2: (A) Molecular weightMw as a function of subsequent injections of CaCl2 and
Na2EDTA. The first point refers to a solution of 1 g L−1 h3-PA1190PSS70 in 0.1mol L−1

NaCl. (B) Molecular weight Mw as a function of temperature cycles between 25 ◦C and
60 ◦C for h3-PA1190PSS70 at a polymer concentration of 1 g L−1 and a Ca2+ concentration
of 6.1mmol L−1.

will be intensively characterized by means of SANS at variable contrasts. However,

before addressing this important question, an exciting feature, which can be inferred

from our hypothesis shall be outlined. If the specific binding of Ca2+ to the PA block

is responsible for the formation of stable aggregates, formation of micelles and subse-

quent re-dissolution may occur in reversible cycles upon repeated addition of Ca2+ and

subsequent removal by addition of the disodium salt of ethylenediaminetetraacetic acid

(Na2EDTA).

In order to demonstrate this anticipated reversibility of micelle formation induced

by Ca2+, we added EDTA to a solution of h3-PA1190PSS70 micelles. Figure 4.2A shows

the molecular weight Mw from SLS for multiple subsequent additions of Ca2+ and

EDTA. The first point of Mw corresponds to the polymer solution in 0.1mol L−1 NaCl

in the absence of Ca2+. Each Ca2+ aliquot addition induces an increase of the molecular

weight by more than two orders of magnitude. Upon subsequent addition of EDTA,Mw

drops to close the initial value where Ca2+ was absent. Hence, the micelle formation
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4.2.3 — Micelle structure probed by SANS

can be quantitatively reversed by the addition of a complexing agent such as EDTA,

which removes Ca2+ from the equilibrium and subsequent addition of Ca2+ re-triggers

micellization. The hydrodynamic radius Rh shows a similar trend and is shown in the

ESI (Figure 4.18†).

The responsivity of the PA block towards Ca2+ cations offers another way to trig-

ger the process of micellization. As the specific binding of Ca2+ to COO− is driven by

entropy due to the release of several water molecules and two sodium cations22, temper-

ature can be used to influence the binding and therefore the solubility of the PA block.

An increase of temperature at a given level of decoration by Ca2+ is expected to increase

the amount of bound Ca2+ and thus promote micellization.23 In order to demonstrate

this, we prepared a sample of h3-PA1190PSS70 close to the threshold line separating sin-

gle chains from micelles. As demonstrated in Figure 4.2B, we can repeatedly trigger the

micelle formation and reverse it by increasing and lowering the temperature in cycles.

The temperature effect arises from the entropy driven binding of Ca2+ to PA.22,23 Both

experiments revealed the reversible but specific binding of a metal cation selectively to

only one of the two anionic blocks as a new system to trigger micellization at ambient

conditions. This high versatility of the presented block copolyelectrolyte system should

open the route to functional materials for sensing or schizophrenic micelles or for cargo

transportation and release.

4.2.3 Micelle structure probed by SANS

Extended SANS and small-angle X-ray scattering (SAXS) experiments have been carried

out on all four polymer samples in order to reveal the morphology of the micelles

hold together by Ca2+ cations. The present work shall focus on the detailed contrast

variation experiments carried out with the samples d3-PA360PSS400 and d3-PA1190PSS70.

Two striking features can already be extracted from these contrast variation experiments

without making any assumptions on a particular model of the aggregates. The first

feature refers to the integrity of the block copolyelectrolytes and the second addresses

the question whether the PA blocks establish the core or the corona of the micelles.

All parameters necessary to describe the scattering contrasts of the PSS blocks and

of the PA blocks in terms of scattering length densities at variable H2O/D2O ratios

are available in the Sec 4.4.4 of the ESI†. By using the chemical composition and the

scattering length densities, the match point of the forward scattering can be predicted

for both block copolyelectrolytes (Figure 4.3A). Since the chemical composition and

47



4 — Micellization of block copolyelectrolytes

0 25 50 75 100 125
D2O content %

-1.0

0.0

1.0

2.0

±
I(q

=
0)

co
h

 /
cm

1 A

d3 PAA1190PSS70
d3 PAA360PSS400

−0.5 0.0 0.5
1/cm2 ×10−10

200

400

600

R2 g/n
m

2

B
d3 PAA1190PSS70
d3 PAA360PSS400

Figure 4.3: (A) Coherent forward scattering from SANS as a function of D2O content
for d3-PA360PSS400 and d3-PA1190PSS70. The vertical dashed lines indicate the theoretical
match points calculated from the chemical composition. (B) Squared radius of gyration
as a function of inverse scattering contrast for d3-PA360PSS400 and d3-PA1190PSS70.28

therefore the match point is independent on whether block copolymers are present as

single chains or as micelles, we can use this information and the experimental forward

scattering to verify the success of the block copolymer synthesis. As is outlined in Figure

4.3A, the experimentally found match point is identical within experimental uncertainty

with the predicted one. This gets noticeable in the most straightforward manner with

sample d3-PA360PSS400 because the match point in this case lies in the middle of the

probed contrast range spanned (corresponding to the entire range of H2O/D2O ratios).

This rules out the existence of individual PA and PSS polymers as they would not show

well-defined scattering patterns together with the predicted match point. Although

the match point lies out of the range available by variation of the H2O/D2O ratio for

d3-PA1190PSS70, extrapolation of the data again reveals a point in full agreement with the

value predicted by the corresponding block copolyelectrolyte chain. Thus, all samples

under consideration are block copolyelectrolytes as characterized by NMR, SLS and

DLS.
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4.2.3 — Micelle structure probed by SANS

Figure 4.4: SANS profiles of (A) d3-PA360PSS400 (cpolymer = 4 g L−1, cCa2+ = 50mmol L−1)
and (B) d3-PA1190PSS70 micelles (cpolymer = 4 g L−1, cCa2+ = 25mmol L−1) at various
H2O/D2O ratios. The solid lines represent fits to the form factor of a polydisperse
block copolymer micelle.29 An overview of the fit results can be found in Table 4.4 of the
ESI†. The sketches in the middle illustrate the scattering contrast of the d3-PA360PSS400

micelles for selected H2O/D2O ratios.

As a next step, the chemical nature of the core and corona shall unambiguously

be resolved by model independent data from SANS at variable contrast. All SANS

(Figure 4.4) and SAXS (Figure 4.19†and 4.20†) scattering curves exhibit characteristic

oscillations indicating particles with a regular shape like a spherical symmetry.30 In

the limit of high q, power laws may indicate fractal-like features. An exponent of -

4, which is observed close to 48.6% D2O, the match point for PSS chains, signals a

sharp boundary of a core surface,31 in line with a PA core. On the other hand, an

exponent close to -2, which indicates scattering dominated by polymer coils,32 is found

in pure D2O. As the scattering of deuterated PA is very weak in pure D2O this exponent

can be assigned to the PSS chains closing the corona with their dangling ends. Even

stronger hints for the distribution of the two blocks among core and corona is received

from the low q-limit. The radius of gyration extracted from the initial slopes of the

scattering curves from particles with components or compartments differing in their
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scattering contrast is an apparent value. The variation of this radius of gyration Rg
with varying scattering contrast can be represented as a plot of R2g versus the inverse

averaged excess scattering length density of the total particle with respect to the solvent.

Stuhrmann28 demonstrated that this correlation depends on the morphology of the

scattering particles. Trends for core-shell structures give a negative slope if the core has

a higher local scattering length density than the shell or corona and a positive slope

if the shell (or corona) has a higher density. As is shown in Figure 4.3B, the trends

observed with the two present polymers is negative. This is a clear-cut evidence for the

fact that PA forms the core.

Having provided compelling evidence for the Ca2+-induced formation of micellar

like aggregates of PA-b-PSS-block copolyelectrolytes with PA blocks in the core, the

detailed SANS and SAXS data at variable scattering contrast shall finally be interpreted

with a suitable micellar model being composed of block copolymers. Such a model has

been provided by Pedersen et al.,29 where one block species is forming the core and

the other one the corona of a micellar like aggregate. The model parameters include

an aggregation number Nagg based on a log-normal distribution, the radius of the core

Rcore, the molar volume of the Ca2+ cations and a variable content of water molecules in

the core. Using the proper scattering contrast from Table 4.3†, a global fit with common

fitting parameters of the SANS and SAXS curves has been performed. The procedure

has been carried out for both polymer samples with deuterated PA blocks. A detailed

outline of the fit procedure together with a complete list of fit parameters is given in

Sec 4.4.5 of the ESI†.

In short, polymer d3-PA360PSS400 reveals an aggregation number of Nagg = 19.6,

independent of the composition of the solvent, resulting in a core radius Rcore =

8.8nm. Strikingly, aggregation numbers for the polymer with the longer PA block

d3-PA1190PSS70 shows a much larger aggregation number of Nagg = 168 and along with

it, a larger core of the micelles Rcore = 26nm compared to the micelles of the poly-

mer with symmetric block lengths. Noteworthy, Nagg and Rcore of the polymer with

the much longer (and thus dominating) PA block show a weak dependence on the

H2O/D2O ratio of the solvent, decreasing from 168 (H2O) to 126 (D2O) and from 26nm

(H2O) to 24nm (D2O) respectively as the D2O content increases from 0 to 100%. This

weak dependence is most likely an isotope effect on the solvent quality. Such effects

are common in polymer science and are for instance observed for the theta temperature

of polymers in ideal solvents, which also slightly changes if either the solvent or the

polymer is deuterated.33,34 Fits to all SANS curves are included in Figure 4.4A and B.
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Fits where the core is formed by the PSS blocks instead of the PA blocks have also been

carried out. However, this model is not able to describe the data (see Sec 4.4.5 of the

ESI† for details) thus further supporting core formation by Ca2+/PA complexes and not

by PSS.

Finally, one observation revealed by the fits deserves special attention. The scattering

curves could only be successfully reproduced with the present core-corona model29

once a considerable amount of water molecules is incorporated into the core. The values

received for both polymers are 12 water molecules per acrylate monomer, amounting

to some 85% by volume of the core. This nicely shows that the mechanism of the

PA/Ca2+ core formation is a liquid-liquid phase separation as already found for the PA

homopolymer and Ca2+.35,36

4.3 Conclusion

To summarize, we succeeded in presenting block copolymers based on two anionic

polyelectrolyte blocks as a new class of double hydrophilic block copolymers with an

unusual solution behavior in aqueous solution containing Ca2+ cations. Whereas pure

PA precipitates at large enough concentrations of Ca2+ due to specific interactions of

the COO− residues with Ca2+,15–21 pure PSS only shows counter ion condensation and

electrostatic screening.24,25 A combination of these two features in one block copoly-

electrolyte leads to micelle formation instead of PA precipitation, with the PA blocks

forming the core. Micelle formation is triggered by alternately adding Ca2+ cations and

Na2EDTA to a polymer solution. Even more striking is the feature that the entropic

nature of the Ca2+ binding to the NaPA-blocks can be used to switch micellization. Ap-

plication of small temperature changes reversibly form (∆T > 0) and dissolve (∆T < 0)

micelles. The micelles are stable and soluble due to the PSS blocks. Micelle formation is

entirely reversible, indicating a new route for up-taking and releasing cargo. Increasing

the ratio of the block length of PA/PSS increases the aggregation number and weakens

the solubilizing power of the PSS corona. Micellization can be tuned by varying the

amount of Ca2+ cations and by varying the temperature.22,23 Given the large variety of

metal cations, capable of interacting specifically with one or both blocks in the same

or different way14,15,24,37,38 and taking further into account the impact of environmen-

tal conditions like pH, ionic strength and temperature, an extremely rich pattern of

responses can be expected from PA-b-PSS block copolymers. This prospective makes

PA-b-PSS block copolymers a highly promising new material. Schizophrenic micelles,39
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4 — Micellization of block copolyelectrolytes

new contrast agents by utilizing Gd3+ or Eu3+ or new strategies for ion separation are

just a few of the possible applications of like-charged block copolyelectrolytes.

Experimental details

polymer synthesis, characterization, details on the SANS and SAXS experiments, the

used form factor model and scattering length densities can be found in the ESI†.
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4.4 Supporting Information

4.4.1 Experimental details

Materials

Light water (H2O) was purified using a Milli-Q-system (Millipore), resistivity 18.2

MΩ cm). Heavy water (D2O, Euriso-top, France, 99.90 atom% deuterium) was filtered

with 100nm PVDF filter (Merck Millex MPSLVV033RS) prior to use. Sodium styrene

sulfonate (Sigma Aldrich, France), 4,4’-azobis(4-cyanovaleric acid) (Sigma Aldrich,

France, > 98%), 2-(2-carboxyethylsulfanylthiocarbonylsulfanyl)propionic acid (Sigma

Aldrich, France), CaCl2 · 2 H2O (Sigma Aldrich, France, > 99.9%), NaCl (Sigma Aldrich,

France, > 99.9%), NaOH (Sigma Aldrich, France), HCl (Sigma Aldrich, France, 37%),

acrylic acid (Sigma Aldrich, France, > 99%), 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid

sodium salt (abcr GmbH, Germany, 98 atom% deuterium), disodium ethylenedi-

aminetetraacetic acid (Sigma Aldrich, France, > 98.5%) and d4-acrylic acid (Polymer-

source, Canada, > 98% atom% deuterium) were used as received.

Polymer synthesis

The synthesis of h3-PA1190PSS70 (sodium salt, the subscript numbers denote the degree

of polymerization for PAA and PSS and the number of hydrogendated/deuterated pro-

tons in the PA block) will be described exemplarily.26,40,41 For the blocks denoted as

d3-PA, acrylic acid was replaced by d4 acrylic acid.

First a PSS macro RAFT agent was synthesized by dissolving 15 g of sodium styrene

sulfonate (72.9mmol), 264.5mg of 4,4’-azobis(4-cyanovaleric acid) (1.04mmol) and

29.2mg of 2-(2-carboxyethylsulfanylthiocarbonylsulfanyl)propionic acid (0.10mmol) in

150mL of deionized water at room temperature. Subsequently, the mixture was de-

gassed by flushing with argon for 30min. The polymerization was carried out for 15h

at 70 ◦C under argon atmosphere. After the reaction the product was allowed to cool

down and transferred into dialysis tubing (regenerated cellulose, Spectra/Por 6 MWCO

= 1 kDa). The polymer was dialyzed against a large excess of water for 3 days with ex-

change of water every 12h and finally freeze dried. Yield: 13.1 g (86%)

In order to obtain a PA-b-PSS block copolymer, 1.714 g of the previously synthe-

sized PSS macro RAFT agent (0.19mmol), 5mg of 4,4’-azobis(4-cyanovaleric acid)

(0.018mmol) and 11.43mL of acrylic acid (166.6mmol) were dissolved in 69mL of

deionized water at room temperature. The mixture was flushed with argon for 30min.
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The mixture was polymerized at 70 ◦C for 8h. The product was allowed to cool down,

brought to pH 10 by addition of 1M NaOH and transferred into dialysis tubing (regen-

erated cellulose, Spectra/Por 6 MWCO = 1 kDa). The product was dialyzed against a

large excess of water for 3 days with exchange of water every 12h and finally freeze

dried. Yield: 15.5 g (82%).

Monomer conversion and block copolymer composition were determined by NMR

spectroscopy. 1H (2H) NMR measurements were performed in D2O (H2O) using a

Bruker Ascent 700 or Bruker AV 500. For block copolymers containing deuterated poly

acrylic acid, 3-(trimethylsilyl)-1-propanesulfonic acid-d6 sodium salt was added as a

quantitative reference to be able to integrate between 1H and 2H spectra for the de-

termination of the block copolymer composition. NMR spectra are shown in Figures

4.5–4.13.

Sample preparation

For the sample preparation, we followed an approached used in previous

works.15–17,23,42 The total number of positive charges for all samples was adjusted to

100mmol L−1. The total concentration of positive charges [+] is

[+] = [NaCl] + 2 · [CaCl2] = 100mmol L
−1 (4.2)

with [NaCl] being the concentration of sodium chloride and [CaCl2] the concentration

of calcium chloride. This means a sample containing 25mmol L−1 CaCl2 also con-

tained 50mmol L−1 NaCl, whereas a sample containing 50mmol L−1 CaCl2 contains

no additional NaCl. Since the final CaCl2 concentration differs for the investigated

samples we describe the sample preparation for d3-PA1190 PSS70 / h3-PA1190 PSS70 and

d3-PA360 PSS400 separately.

The sample preparation for d3-PA1190 PSS70 and h3-PA1190 PSS70 was identical. First,

two stock solutions of the freeze-dried polymer d3-PA1190 PSS70 (or h3-PA1190 PSS70) in

100mmol L−1 NaCl solution in pure H2O or 100mmol L−1 NaCl in pure D2O were

prepared at twice (8 g L−1) the final concentration and adjusted to pH/pD of 9 with a

100mmol L−1 NaOH solution. Mixing these two solutions in appropriate ratios resulted

in a new stock solution of polymer with the selected D2O/H2O content. Accordingly,

stock solutions of 50mmol L−1 CaCl2 in pure H2O or pure D2O were prepared by

dissolving CaCl2 · 2 H2O in H2O and D2O. As done with the polymer solutions, mixing

those CaCl2 solutions in adequate ratio resulted in the CaCl2 solution with the selected

D2O/H2O ratio.
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Mixing of the polymer solution with the CaCl2 solution of a desired contrast in a 1 : 1

ratio was performed under vigorous stirring and dropwise addition of CaCl2 solution

to the polymer solution. This resulted in a polymer concentration of 4 g L−1, a CaCl2

concentration of 25mmol L−1 and a NaCl concentration of 50mmol L−1.

For d3-PA360 PSS400, two stock solutions (8 g L−1) of the freeze-dried polymer were

prepared in pure H2O and pure D2O and adjusted to a pH/pD of 9 with a 100mmol L−1

NaOH solution. Mixing these two solutions in appropriate ratios resulted in a new

stock solution of polymer with the selected D2O/H2O content. Analogously, stock

solutions of 100mmol L−1 CaCl2 in pure H2O or pure D2O were prepared by dissolving

CaCl2 · 2 H2O in H2O and D2O. As done with the polymer solutions, mixing those CaCl2

solutions in adequate ratio resulted in the CaCl2 solution with the selected D2O/H2O

ratio.

Mixing of the polymer solution with the CaCl2 solution of a desired contrast in

a 1 : 1 ratio was performed under vigorous stirring and dropwise addition of CaCl2

solution to the polymer solution. This resulted in a polymer concentration of 4 g L−1

and a CaCl2 concentration of 50mmol L−1.

The resulting solutions were allowed to equilibrate for at least 2 days prior to mea-

surement. The polymer-free solutions which served as solvent background for SANS

and SAXS were prepared in a similar way by mixing a CaCl2 solution with the corre-

sponding solvent without polymer (pure water for d3-PA360 PSS400 and 100mmol L−1

NaCl for d3-PA1190 PSS70/ h3-PA1190 PSS70). The usage of CaCl2 · 2 H2O results in less

than 0.2 vol% additional H2O content and therefore does not influence the D2O con-

tent.

SAXS

Small-angle X-Ray scattering was performed at the ID02 beamline of the European Syn-

chrotron Radiation Facility (ESRF). Two sample to detector distances (10m and 1m)

were measured at a X-Ray energy of 12.46 keV (0.0995nm) using a Rayonix MX-170HS

CCD detector to cover a q-range of 8× 10−3 − 6nm−1. Samples were filled in 2mm

quartz glass capillaries (WJM Glas Müller, Berlin, Germany). The detector images were

corrected for dark and flat-field, azimuthally averaged, corrected to transmission of the

direct beam and scaled to absolute intensity using water as a secondary standard.43,44

The scattering from the solvent was subtracted from the scattering curves. Details can
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be found in Ref. [44]. Error bars were estimated as standard deviations from measure-

ments of at least five different positions within the capillary.

SANS

SANS measurements were performed at the D11 small angle neutron scattering in-

strument of the Institut Laue-Langevin (Grenoble, France). Three sample to detector

distances (39.0m collimation 40.5m, 8.0m collimation 8.0m, 1.4m collimation 5.5m)

and a neutron wavelength of 0.5nm (FWHM 9%) were used to cover a q-range of

2× 10−2 − 5nm−1. We used a circular neutron beam with a diameter of 15mm. Scat-

tered neutrons were detected with a 3He MWPC detector (CERCA) with 256× 256 pix-

els of 3.75mm× 3.75mm pixel size. Samples were filled in 2mm Hellma 404 Quartz

Suprasil cells. The sample temperature was adjusted to 25 ◦C using a circulating wa-

ter bath. The detector images were azimuthally averaged, corrected to transmission of

the direct beam and scaled to absolute intensity using a 1mm H2O cell as secondary

calibration standard ( dΣdΩ = 0.929 cm−1) using the LAMP software. The scattering from

the solvent and the incoherent background were subtracted from the scattering curves.

Details for the data reduction can be found in Chapter 2 of Ref. [45].

4.4.2 Polymer characterization

NMR

We used NMR to characterize the (block) polymers as well as the macro RAFT agents

and to estimate the block length and ratios. Directly at the end of the polymerization we

withdrew an aliquot to determine the turnover of the reaction. In general, barely any

monomer signal was visible, from which we concluded, that the monomer conversion

is at least > 95%.

In order to estimate the degree of polymerisation of the PSS macro RAFT agent

we compared the signal of the RAFT polymer to the signal arising from the RAFT end

group. This was possible for PSS70 (c.f. Figure 4.5), whereas for PSS400 we calculatedMn

from the ratio RAFT agent to monomer and assuming 100% conversion. Consequently,

we determined the block ratios from the NMR spectra of the block copolymers. Based

on this and the previsouly calculated length of the PSS block we determined the length

of the PA block. For the polymers where we used deuterated acrylic acid, we added

3-(Trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt (TSP – d4) to be able to integrate

between 1H and 2H spectra. The corresponding samples were measured in D2O for the
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1H experiment, freeze-dried and redissolved in H2O for the 2H experiment in order to

keep the amount of TSP – d4 constant.

For the h3-PA100 PSS750 block copolymer we first synthesized a PA macro RAFT

agent and consequently polymerized the PSS block. The estimation of the block ratios

was done similar as for PA1190 PSS70.

PSS70: 1H NMR (D2O, 500MHz): δ(ppm) = 0.84 to 1.06 (br, 3H, d), 1.09 to 2.54 (br,

3H, c), 2.54 to 2.91 (br, 2H, f), 3.26 to 3.80 (br, 2H, e), 6.12 to 7.29 (br, 2H, b), 7.32 to 8.03

(br, 2H, a).

h3-PA1190 PSS70: 1H NMR (D2O, 500MHz): δ(ppm) = 0.71 to 2.54 (br, 6H, c), 6.15 to

7.19 (br, 2H, b), 7.27 to 7.95 (br, 2H, a).

d3-PA1190 PSS70: 1H NMR (D2O, 700MHz): δ(ppm) = −0.11 to 0.09 (s, 9H, d), 1.09 to

1.97 (br, 3H, c), 6.31 to 7.09 (br, 2H, b), 7.22 to 7.86 (br, 2H, a). 2H NMR (H2O, 107MHz):

δ(ppm) = 0.41 to 0.67 (br, 2D, c), 0.73 to 3.57 (br, 5D, a & b, 1.85 to 2.06 (br, 2D, b).

PSS400: 1H NMR (D2O, 700MHz): δ(ppm) = 0.71 to 2.39 (br, 3H, c), 6.05 to 7.08 (br,

2H, a), 7.24 to 7.97 (br, 2H, a).

d3-PA360 PSS400: 1H NMR (D2O, 700MHz): δ(ppm) = −0.12 to 0.10 (s, 9H, d), 0.99 to

2.44 (br, 3H, c), 5.82 to 7.24 (br, 2H, b), 7.24 to 7.92 (br, 2H, a). 2H NMR (H2O, 107MHz):

δ(ppm) = 0.43 to 0.80 (br, 2D, c), 0.95 to 3.47 (br, 5D, a & b), 1.80 to 2.15 (br, 2D, b).

h3-PA100: 1H NMR (D2O, 500MHz): δ(ppm) = 0.94 to 1.08 (s, 3H, d), 1.27 to 2.54 (br,

3H, c), 2.54 to 2.68 (br, ? not assigned), 2.68 to 2.83 (br, 2H, b), 3.44 to 3.58 (br, 2H, a),

4.10 to 4.30 (br, ? not assigned).

h3-PA100 PSS750: 1H NMR (D2O, 500MHz): δ(ppm) = 0.98 to 2.34 (br, 6H, c), 5.83 to

6.89 (br, 2H, b), 7.13 to 7.74 (br, 2H, a).
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Static and dynamic light scattering

The intensity-time correlation function g2(τ) − 1 measured with dynamic light scatter-

ing was analyzed using the method of cumulants46

g2(τ) − 1 = B+β exp (−2Γτ)
(
1+

µ2
2!
τ2
)2

(4.3)

B is a factor correcting the baseline, β a factor, which depends on the experimental

setup, Γ the relaxation rate and µ2 the the second cumulant. The apparent diffusion

coefficient Dapp(c,q) for a given q is calculated according to

Dapp =
Γ

q2
(4.4)

The diffusion coefficient is consequently extrapolated towards q = 0 and c = 0 accord-

ing to47,48

Dapp(c,q) = D0
(
1+CR2gq

2 + kDc
)

(4.5)

where C and kD are constants describing q and the concentration dependence of D0,

respectively. The diffusion coefficient D0 is used to calculate the hydrodynamic radius

Rh using the Stokes-Einstein equation

Rh =
kBT

6πηD0
(4.6)
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4.4.2 — Polymer characterization

where T is the temperature, kB the Boltzmann constant and η the viscosity of the sol-

vent. Static light scattering was evaluated with the Zimm equation49

Kc

∆Rθ
=

1

Mw
+ 2A2c+

R2g

3Mw
q2 (4.7)

where c is the mass concentration of the polymer, Mw the weight average molecular

weight of the polymer, A2 the second osmotic virial coefficient and Rg the radius of

gyration. ∆Rθ is the Rayleigh ratio and identical with the macroscopic scattering cross-

section dΣ
dΩ used to express the scattering intensity in SANS and SAXS. K is the contrast

factor given by

K =
4π2

NAλ
4
0

(
nstandard

dn

dc

)2
(4.8)

It contains the Avogadro constant NA, the wavelength of the laser in vacuo λ0, the

refractive index of the standard (in this case toluene) nstandard and the refractive index

increment of the polymer in the solvent dndc .

Figure 4.14–4.16 show the characterization of the used polymers with static and

dynamic light scattering. As solvent we choose an aqueous solution of 100mmol L−1

NaCl at pH 9. In sub-figure A of each graph one can find the extrapolation of the

diffusion coefficient to c = 0 and q = 0. The blue points indicate the extrapolation

towards q = 0 for a given concentration. The blue line indicates the extrapolation of

these points towards c = 0. The intercept defines D0, which we used to calculate the

hydrodynamic radius Rh. Similarly, figure B shows the extrapolation of the static light

scattering data towards c = 0 and q = 0.

Figure C shows the measurement of the refractive index increment for this given

polymer in the same solvent conditions. The refractive index increment dndc was de-

termined using a differential refractometer (DR3 by SLS Systemtechnik, Denzlingen,

Germany). The instrument operates at a wavelength of λ0 = 635nm. A stock solution

of 10 g L−1 polymer was prepared in 100mmol L−1 NaCl (H2O), adjusted to pH 9 and

dialyzed against the solvent solution prior to dilution.50 The measured values of dndc can

be found in Table 4.2.

Table 4.2 summarizes the results from the light scattering characterization.
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Figure 4.14: (A) Dynamic Zimm plot of h3-PA1190 PSS70 in 100mmol L−1 NaCl. (B)
Zimm plot of h3-PA1190 PSS70 in 100mmol L−1 NaCl. (C) Refractive index increment as
a function of concentration of h3-PA1190 PSS70 in 100mmol L−1 NaCl.
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Figure 4.15: (A) Dynamic Zimm plot of d3-PA1190 PSS70 in 100mmol L−1 NaCl. (B)
Zimm plot of d3-PA1190 PSS70 in 100mmol L−1 NaCl. (C) Refractive index increment as
a function of concentration of d3-PA1190 PSS70 in 100mmol L−1 NaCl.
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Figure 4.16: (A) Dynamic Zimm plot of d3-PA360 PSS400 in 100mmol L−1 NaCl. (B)
Zimm plot of d3-PA360 PSS400 in 100mmol L−1 NaCl. (C) Refractive index increment as
a function of concentration of d3-PA360 PSS400 in 100mmol L−1 NaCl.
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Figure 4.17: (A) Dynamic Zimm plot of h3-PA100 PSS750 in 100mmol L−1 NaCl. (B)
Zimm plot of h3-PA100 PSS750 in 100mmol L−1 NaCl. (C) Refractive index increment as
a function of concentration of h100-PA360 PSS750 in 100mmol L−1 NaCl.

4.4.3 Reversibility of micelle formation

The reversibility of micelle formation was shown by addition of Na2EDTA to a micelle

solution. For this an aqueous 200mmol L−1 solution of Na2EDTA was prepared and

adjusted to pH 9 using 1mol L−1 NaOH. In addition, an aqueous 200mmol L−1 CaCl2

solution was prepared and adjusted to pH 9 using 100mmol L−1 NaOH solution. Both

solutions were filtered using hydrophilic 100nm PVDF filters (Merck Millipore).

First, a solution of h3-PA1190PSS70 (1 g L−1, pH 9, 1mL) in 100mmol L−1 NaCl was

investigated using angular dependent DLS and SLS. To this solution an aliquot of 50µL

CaCl2 solution was added to trigger micelle formation. Subsequently, aliquots of 25µL

of Na2EDTA or CaCl2 solution were added to switch between single chains and micelles.

After each injection angular dependent DLS and SLS was performed. Four complete

cycles were carried out. This increased the total volume of 1000µL to 1225µL.

Figure 4.18 shows the hydrodynamic radius Rh from DLS upon subsequent addi-

tions of Ca2+ and EDTA.

We also showed the reversibility of micelle formation by a change in temperature.

For this we prepared a sample of h3-PA1190PSS70 at 1 g L−1 and a concentration of Ca2+

of 6.1mmol L−1. This sample is close to the micelle transition but still in the single

chain regime. Upon an increase of temperature the binding of Ca2+ to the PA block is

promoted and micellization occurs. Various temperature cycles combined with angular

dependent SLS and DLS were performed. Figure 4.18B shows the hydrodynamic radius

for those experiments.
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Figure 4.18: (A) Hydrodynamic radius Rh as a function of subsequent injections of
CaCl2 and Na2EDTA. The first point refers to a solution of 1 g L−1 h3-PA1190PSS70 in
100mmol L−1 NaCl. (B) Hydrodynamic radius Rh as a function of temperature cycles
between 25 ◦C and 65 ◦C for h3-PA1190PSS70 at a polymer concentration of 1 g L−1 and a
Ca2+ concentration of 6.1mmol L−1.

4.4.4 Scattering length densities

Table 4.3 shows the molar volumes Vm, scattering length b and scattering length den-

sities ρ for neutrons and X-rays (at 12.46 keV) used for the analysis of the data. The

scattering length density of a given compound is given by

ρ =
b

Vm
Na (4.9)

with NA being the Avogadro constant.

4.4.5 Analysis of scattering data

Form factor model

The form factor of self-assembled block copolymers with excluded volume interaction

of the polymer chains was first treated by Pedersen under the assumption that the
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Table 4.3: Molar volumes, neutron and X-ray scattering length and scattering length
density of the used compounds. ρX-rays was calculated for a X-ray energy of 12.46 keV .

Compound Vm bneutrons bX-Rays ρneutrons ρX-rays
/cm3mol−1 /fm /fm /1010 cm−2 /1014 cm−2

h3 PA– 29.1a 20.327 107.269 4.208 22.21
d3 PA– 29.1a 51.557 107.269 10.674 22.21
NaPSS 108.7 50.881 299.823 2.818 16.61
D2O 18.141 19.145 28.242 6.355 9.375
H2O 18.069 −1.675 28.242 −0.558 9.398
Ca2+ 17.0± 2.8b 4.7 51.652 1.665 1.830× 10−3
d3-PA1190PSS70

c
7.762

d3-PA360PSS400

c
4.165

a Taken from reference [51]. b The molar volume of Ca2+ was fitted. The shown value is the
average value we obtained from analysis of the three different polymers. c We assumed that

every PA monomer is complexed by 0.5 equivalents of Ca2+.

polymers form spherical micellar-like structures.29,30,52,53 The macroscopic scattering

cross-section dΣ
dΩ

(q) of a solution of micelles can be written as29

dΣ

dΩ
(q) = N

[
N2aggβ

2
coreA

2
core (q)+

Naggβ
2
coronaP

′
corona (q)+

2N2aggβcoreβcoronaAcore (q)Acorona (q)+

Nagg
(
Nagg − P

′
corona(0)

)
β2coronaA

2
corona (q)

]
(4.10)

where N is the number density of micelles, Nagg the aggregation number of micelles,

βcore and βcorona are the total excess scattering length of the block forming the spherical

core and the corona, respectively. They are defined as

βcorona = Vm, coronaDPcorona∆ρcorona (4.11)

and

βcore = Vm, coreDPcore∆ρcore (4.12)

with Vm being the molecular volume of the respective monomer unit, DPcorona and

DPcore the degree of polymerization of the corona and core block and ∆ρ the corre-

sponding excess scattering length density.

Equation 4.10 consists of four different contributions: scattering from the spherical

homogeneous core A2core(q), scattering from the polymer chains in the corona P ′corona (q),

the cross-term between core and corona Acore(q) · Acorona(q) and the cross-term be-

tween different chains A2corona(q). Acore(q) is the scattering amplitude of a homogeneous
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sphere31 with radius Rcore

Acore (q) = 3
sin (qRcore) − qRcore cos (qRcore)

(qRcore)
3

(4.13)

P ′corona (q) is the form factor of a chain in the corona. It contains the self-correlation of

the chain Pexv(q) as well as the interaction between the chains, which is expressed by

the interaction parameter ν29,54

P ′corona (q) =
Pexv(q)

1+ νPexv(q)
(4.14)

where Pexv(q) is the form factor of a semi flexible self-avoiding chain. This form factor

was first derived by Pedersen and Schurtenberger55 and later corrected.56 In experi-

ments ν typically adopts values between 0 and 8 and is related to the osmotic com-

pressibility κ by29,54,57

κ = 1+ ν (4.15)

Acorona (q) is given by

Acorona (q) =

∫
ρcorona(r)r

2 sin (qr)
qr dr∫

ρcorona(r)r2dr
(4.16)

with ρcorona(r) as the scattering length density profile in the corona. In this work we use

a Gaussian profile, which is defined as

ρcorona(r) =


0 for r < Rcore

1 for r = Rcore

exp
(
−(r−Rcore)

2

2s2

)
for r > Rcore

(4.17)

with s controlling the thickness of the corona.

In order to take into account the size distribution of micelles we assumed a log-

normal distribution of the aggregation number Nagg

p
(
Nagg

)
=

1

H
√
2πNagg

exp

(
− log

(
Nagg −M

)2
2H2

)
(4.18)

where H and M define the distribution and are connected to the mean aggregation

number Nagg and standard deviation σNagg
by

Nagg = exp
(
M+

H2

2

)
(4.19)
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4 — Micellization of block copolyelectrolytes

σNagg
=
√

exp (H2 + 2M) (exp (H2) − 1) (4.20)

The macroscopic scattering cross-section is therefore

dΣ

dΩpolydisperse
(q) =

∫
dΣ

dΩ
(q)p(Nagg)dNagg (4.21)

Instrumental resolution for SANS has been taken into account according to Ref. [58].

The macroscopic scattering function is convoluted with a resolution function R (q,σq),

which depends on wavelength spread, finite collimation of the beam and detector reso-

lution
dΣ

dΩ smeared
(q) =

∫
R(q,σq)

dΣ

dΩpolydisperse
(q)dq (4.22)

Fitting procedure

For the form factor fits we used the SASET program,59 which allows global fitting of

several contrasts at the same time. During the data analysis of the SANS curves we took

into account the instrumental resolution for each detector configuration and merged the

data only for final representation. This approach allows us to increase the number of

available data points since we do not truncate the data in the region of overlapping q.

We performed a global fit to the SANS and SAXS data with a single set of shared fitting

parameters. For the samples, where the aggregation number changes with D2O content

we attributed a common aggregation number to the corresponding SANS and SAXS

curves but left the rest of the fitting parameters as global fitting parameters.

In order to constrain the fit we used the molar volumes of the individual blocks,

known from the degree of polymerization and the molar volumes listed in Table 4.3.

Moreover, we restricted the fit by giving the used polymer concentration. Together with

the aggregation number Nagg (which is a fitting parameter) the number density N of

micelles in L−1 is directly obtained by

N =
c

MpolymerNagg
NA (4.23)

with c the polymer concentration in gL−1, the molecular weight of the polymer

Mpolymer and the aggregation number Nagg.

SAXS

Figure 4.19 and 4.20 show the SAXS profiles of d3-PA1190 PSS70 and d3-PA360 PSS400

micelles in the presence of Ca2+ at various D2O/H2O ratios. The solid lines represents
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Figure 4.19: SAXS profiles of d3-PA1190 PSS70 micelles (cpoly = 4 g L−1, cCa2+ =
25mmol L−1) at various D2O/H2O ratios. The solid lines represent fits to the form
factor of a polydisperse block copolymer micelle.29 An overview of the fit results can be
found in Table 4.4.
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Figure 4.20: SAXS profiles of d3-PA360 PSS400 (cpoly = 4 g L−1, cCa2+ = 50mmol L−1) at
various D2O/H2O ratios. The solid lines represent fits to the form factor of a polydis-
perse block copolymer micelle.29 An overview of the fit results can be found in Table
4.4.

a fit to the previously described form factor model. For the sample d3-PA1190 PSS70 we

obtained a change in aggregation number when changing from H2O to D2O. Figure 4.19

shows the aggregation numbers obtained from the form factor analysis as a function of

D2O content.
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Model with PSS in the core and d3-PA in the corona

Figure 4.21 shows the SANS profiles of d3-PA360PSS400 and the model fit with PSS in

the core and d3-PA in the corona. This model can not describe the scattering data

sufficiently well.
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Figure 4.21: SANS profiles of d3-PA360PSS400 micelles at various D2O/H2O ratios. The
solid lines represents fits to the form factor of a polydisperse block copolymer with PSS
in the core and d3-PA in the corona.

4.4.6 Phase diagrams of the polymers in the presence of Ca2+

The phase diagrams were established by subsequent addition of aliquots of 20µL of a

50mmol L−1 CaCl2 solution to 1mL of a solution of block copolymer in 100mmol L−1

NaCl. The transition from single chains to micelles was monitored by turbidity using a

UV-Vis spectrometer at 400nm or the static light scattering signal (using the ALV-CSG3

at a scattering angle of 150°). Figure 4.22A shows the phase diagram with the points

indicating single chain, micelle and phase separation regime. The phase boundaries

for d3-PA1190 PSS70 and h3-PA1190 PSS70 were found to be identical within the given

accuracy of the CaCl2 injections. For d3-PA1190 PSS70/h3-PA1190 PSS70 precipitation of

the micelles from solution can be found at CaCl2 concentrations above 50mmol L−1,

which we attribute to strong screening of the PSS chains in the corona and consequent

destabilization of the micelles. h3-PA100 PSS750 does not form micelles in the presence

of Ca2+. Figure 4.22B shows a SAXS profile (D2AM, ESRF Grenoble) of h3-PA100 PSS750

in 50mmol L−1 CaCl2 solution. The scattering can be well described by the model of
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4 — Micellization of block copolyelectrolytes

a generalized Gaussian chain60. We obtain a radius of gyration Rg of 14.0 ± 0.1nm
and a Flory exponent ν of 0.57± 0.05, which indicates that the polymer chains do not

aggregate.

Figure 4.22C shows an autocorrelation function of h3-PA1190 PSS70 micelles and the

corresponding fit using eq 4.3. The correlation function shows a mono modal decay,

from which we conclude that the majority of polymers are aggregates into micelles and

the fraction of free polymer is negligible.
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Figure 4.22: A Phase diagram of d3-PA1190 PSS70/h3-PA1190 PSS70 in the presence of Ca2+

in H2O. The symbols indicate the compositions, which were prepared to identify the
phase diagram. Black crosses indicate precipitates, red squares micelles and blue circles
single chains. B SAXS profile (D2AM, ESRF Grenoble) of h3-PA100 PSS750 at 1 g L−1 in
50mmol L−1 CaCl2. The solid line represents the fit to the generalized Gaussian chain
model60. C Exemplary autocorrelation function of h3-PA1190 PSS70 micelles and fit to eq
4.3.
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50. Brüssau, R.; Goetz, N.; Mächtle, W.; Stölting, J. Tenside, Surfactants, Deterg. 1991,

28, 396–406.

51. Tondre, C.; Zana, R. J. Phys. Chem. 1972, 76, 3451–3459, DOI: 10.1021/j100667a026.

52. Pedersen, J. S.; Svaneborg, C. Curr. Opin. Colloid Interface Sci. 2002, 7, 158–166,

DOI: 10.1016/S1359-0294(02)00044-4.

53. Pedersen, J. S.; Svaneborg, C.; Almdal, K.; Hamley, I. W.; Young, R. N. Macro-

molecules 2003, 36, 416–433, DOI: 10.1021/ma0204913.

77

https://doi.org/10.1016/S0032-3861(01)00382-2
https://doi.org/10.1021/ma970540p
https://doi.org/10.1021/acs.langmuir.9b01444
https://doi.org/10.1021/ma401070k
https://doi.org/10.1039/c7py01410d
https://doi.org/10.1039/c7py01410d
https://doi.org/10.1209/epl/i2003-10215-y
https://doi.org/10.1107/S0021889899015216
https://doi.org/10.1107/S0021889807001100
https://doi.org/10.1107/S0021889807001100
https://doi.org/10.1364/AO.40.004087
https://doi.org/10.1021/ma60075a020
https://doi.org/10.1021/ma60077a045
https://doi.org/10.1063/1.1746738
https://doi.org/10.1021/j100667a026
https://doi.org/10.1016/S1359-0294(02)00044-4
https://doi.org/10.1021/ma0204913


4 — Micellization of block copolyelectrolytes

54. Svaneborg, C.; Pedersen, J. S. Phys. Rev. E 2001, 64, 010802, DOI: 10 . 1103 /

PhysRevE.64.010802.

55. Skov, J.; Schurtenberger, P.; Pedersen, J. S. Macromolecules 1996, 9297, 7602–7612,

DOI: 10.1021/ma9607630.

56. Chen, W. R.; Butler, P. D.; Magid, L. J. Langmuir 2006, 22, 6539–6548, DOI: 10 .

1021/la0530440.

57. Sommer, C.; Pedersen, J. S.; Garamus, V. M. Langmuir 2005, 21, 2137–2149, DOI:

10.1021/la047489k.

58. Pedersen, J. S.; Posselt, D.; Mortensen, K. J. Appl. Crystallogr. 1990, 23, 321–333,

DOI: 10.1107/S0021889890003946.

59. Muthig, M.; Prévost, S.; Orglmeister, R.; Gradzielski, M. J. Appl. Crystallogr. 2013,

46, 1187–1195, DOI: 10.1107/S0021889813016658.

60. Hammouda, B. Polym. Charact. 1993, 106, 87–133, DOI: 10.1007/BFb0025862.

78

https://doi.org/10.1103/PhysRevE.64.010802
https://doi.org/10.1103/PhysRevE.64.010802
https://doi.org/10.1021/ma9607630
https://doi.org/10.1021/la0530440
https://doi.org/10.1021/la0530440
https://doi.org/10.1021/la047489k
https://doi.org/10.1107/S0021889890003946
https://doi.org/10.1107/S0021889813016658
https://doi.org/10.1007/BFb0025862


Chapter 5

Contrast variation of micelles composed of

Ca2+ and block copolymers of two

negatively charged polyelectrolytes

Abstract

Block copolymers were prepared with two anionic polyelectrolyte blocks: sodium

polyacrylate (PA) and sodium polystyrene sulfonate (PSS), in order to investigate their

phase behavior in aqueous solution in the presence of Ca2+ cations. Depending on

the concentration of polymer and Ca2+ and on the ratio of the block lengths in the

copolymer, spherical micelles were observed. Micelle formation arises from the specific

interaction of Ca2+ with the PA block only. An extensive small-angle scattering study

was performed in order to unravel the structure and dimensions of the block copoly-

mer micelles. Deuteration of the PA block enabled us to perform contrast variation

experiments using small-angle neutron scattering at variable ratios of light and heavy

water which were combined with information from small-angle X-ray scattering and

dynamic light scattering.

This chapter is based on Carl, N.; Prévost, S.; Schweins, R.; Huber, K.; Contrast vari-

ation of micelles composed of Ca2+ and block copolymers of two negatively charged

polyelectrolytes. The article was accepted for publication in Colloid and Polmyer Science.
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5.1 Introduction

Polyelectrolytes and their interactions with oppositely charged species such as ions,1

surfactants2–4 or charged surfaces5 are essential to understand and control a variety of

industrial processes. These include waste water treatment,6 modification of the rheo-

logical behavior of concrete through superplasticizers7,8 or the properties of consumer

goods such as shampoo.9 The phase behavior of polyelectrolytes with several multi-

valent cations such as Ca2+,10,11 Sr2+,11–14 Pb2+,15 Al3+16,17 and La3+18,19 has been ex-

tensively studied during the last decades. These aqueous systems show a rich phase

behavior strongly depending on the polyelectrolyte,20 cation,16,17,21 temperature16,22 or

concentration of inert salts such as NaCl.23

Extensive work on the polyelectrolyte sodium polyacrylate (PA) addressed the spe-

cific interaction with Ca2+.10,11,13,23,24 Upon addition of Ca2+ the cation will bind to the

negatively charged moieties of the PA chain. When the Ca2+ concentration is increased

more cations will bind to the polyelectrolyte until a critical concentration [Ca2+]c is

reached. Beyond this concentration the polymer starts to aggregate and precipitate

from the solution. A phase boundary according to

[Ca2+]c = r0 +m[PA] (5.1)

is found for this system where [PA] is the concentration of polyacrylate monomer units,

r0 the minimum concentration of Ca2+ required to precipitate the polymer at infinite

dilution and m defines the stoichiometry of binding. Precipitation at infinite dilution

here means an intramolecular coil collapse. Equation 4.1 relates to a complexation equi-

librium completely on the side of the Ca2+/PA complex. Specificity of the interaction

between Ca2+ and PA was further confirmed by isothermal titration calorimetry (ITC),

which revealed a large endothermic heat. This large heat of reaction was interpreted

by a liberation of around ten water molecules per from hydration shells which coalesce

upon complex bond formation between Ca2+ and two COO– .25 Since one Ca2+ binds

quantitatively to two polyacrylate monomer units, this system has for example been

used for the design of an efficient Ca2+ sensor.26

In contrast, another common polyelectrolyte polystyrene sulfonate (PSS) does not

show specific interactions with Ca2+. No matter how large the concentration of Ca2+ is

set, no precipitation of the polymer does occur. Furthermore, light scattering demon-

strated that the polymer chains do not even aggregate in the presence of Ca2+. Isother-

mal titration calorimetry revealed just a weak endothermic signal, suggesting that ad-
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dition of Ca2+ induces only a replacement of two Na+ cations condensed into the poly-

electrolyte domains by one Ca2+ and thus confirming the lack of any binding of Ca2+ to

the sulfonic residues of PSS.20

In a previous work we combined these two different interaction patterns in one poly-

mer by synthesizing a block copolymer (PA-b-PSS) of sodium polyacrylate and sodium

polystyrene sulfonate.27 Whereas the anionic residues of the PA block interact specifi-

cally with Ca2+, no such interactions are expected for the PSS block. Indeed, it turned

out that the block copolyelectrolytes form micelles in aqueous solution. Application

of small-angle neutron scattering (SANS) at variable scattering contrasts, revealed the

morphology of these micelles: The PA blocks change their solution behavior in water

as specific interactions trigger decoration of PA with Ca2+ cations thereby establishing

the core of the micelles. The PSS block keeps its charges along the polymer backbone

due to the lack of any specific interactions and form the stabilizing corona of the mi-

celles. The entropic nature of the specific interactions between Ca2+ and PA enabled us

to reversibly form and disintegrate the micelles by oscillating the temperature with an

increase of temperature inducing formation and a decrease disintegration.

The present work extends the achievements published in Ref. [27] with the fol-

lowing new results: It interprets SANS and SAXS curves with a model28 giving access

to the morphology of the micellar corona; it outlines the benefit of combining SANS at

variable contrast with SAXS and it makes full use of Stuhrmann’s approach29,30 in order

to unravel the species in the core as well as the core dimensions independently of any

model. All these features are established with three different block copolyelectrolytes:

one sample with similar block lengths and the PA block fully deuterated and two sam-

ples with short PSS blocks and long PA blocks whereby in one case the PA block is

fully deuterated and in the other case it is hydrogenated. This for the first time makes

accessible a detailed comparative discussion.

The work is grouped in four parts: in the first part we shortly revise the results on

PA-b-PSS published in our preceding work,27 in order to help the reader understanding

the basis of the present work and to clearly separate it from the previous one. The

second part deals with the comparative analysis of a contrast variation SANS experi-

ment of three different block copolymers using a form factor model for micelles based

on block copolymers.28 The result is a comprehensive structural picture of the micelles.

In particular, the advantage of joint SANS and SAXS experiments on the same set of

samples is demonstrated and used to unravel an isotope effect occurring for two sam-

ples. The isotope effect results in a change of aggregation numbers, which was taken
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into account in the data analysis. The third part investigates the origin of this isotope

effect using isothermal titration calorimetry and relates it to the binding of Ca2+ to PA.

The fourth part demonstrates a model independent analysis, which yields quantitative

structural information. The obtained information is verified against the results from the

form factor fits and can be used for systems where mathematical expressions for a form

factor model are not available. It is demonstrated that this approach even works on

a fully hydrogenated block copolymer, which has important implications for samples

where deuteration is impractical or not feasible.

5.2 Experimental details

5.2.1 Materials

Light water (H2O) was purified using a Milli-Q-system (Millipore) to a final resistivity

of 18.2 MΩ cm. Heavy water (D2O, Euriso-top, France, 99.90 atom% deuterium) was fil-

tered with 100nm PVDF filter (Merck Millex MPSLVV033RS) prior to use. CaCl2 · 2 H2O

(Sigma Aldrich, France, >99.9%), NaCl (Sigma Aldrich, France, >99.9%) and NaOH

(Sigma Aldrich, France) were used as received.

5.2.2 Polymer synthesis and characterization

The synthesis and characterization of the polymers was described in detail in a previ-

ous work.27 Figure 5.1 shows the chemical structure of the used polymers. All polymers

were used as sodium salt. Prior to the small-angle scattering experiments the polymers

and their phase behavior with Ca2+ were characterized using NMR and static and dy-

namic light scattering. Detailed information can be found in a previous work.27 Table

5.1 summarizes the results of the polymer characterization.

SO3Na

ONaO

n m

DDD

SO3Na

ONaO

n m

Figure 5.1: Chemical structure of the used polymers. The left structure shows the fully
hydrogenated polymer (h3-PA – b – PSS), the right structure shows a PA block which is
fully deuterated (d3-PA – b – PSS).
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5.2.3 — Sample preparation

Table 5.1: Overview of polymers, compositions, weight-averaged molecular weights
Mw and hydrodynamic radii Rh determined from NMR and static and dynamic light
scattering in 100mmol L−1 NaCl as a good solvent and in the absence of CaCl2. The
subscript denotes the degree of polymerization, while d3 and h3 corresponds to deuter-
ation or hydrogenation of the PA block, respectively.

Sample PA:PSS /mol% Mw /kgmol
−1 Rh /nm

h3-PA1190PSS70 94:6 160± 2 13.8± 0.6
d3-PA1190PSS70 94:6 181± 3 13.6± 0.5
d3-PA360PSS400 47:53 127± 1 10.4± 0.2

5.2.3 Sample preparation

The sample preparation was performed similarly as in previous works.22–24,27 The total

number of positive charges for all samples was adjusted to 100mmol L−1. The total

concentration of positive charges [+] is

[+] = [NaCl] + 2 · [CaCl2] = 100mmol L
−1 (5.2)

with [NaCl] being the concentration of sodium chloride and [CaCl2] the concentration of

calcium chloride. A sample containing 25mmol L−1 CaCl2 also contained 50mmol L−1

NaCl, whereas a sample with 50mmol L−1 CaCl2 contains no additional NaCl.

5.2.4 SANS

SANS measurements were performed at the D11 small angle scattering instrument

of the Institut Laue-Langevin (Grenoble, France). Three sample to detector dis-

tances (39.0m collimation 40.5m, 8.0m collimation 8.0m, 1.4m collimation 5.5m)

and a neutron wavelength of 0.5nm (FWHM 9%) were used to cover a q-range of

2× 10−2 nm−1 − 5nm−1. We used a circular neutron beam with a diameter of 15mm.

Scattered neutrons were detected with a 3He MWPC detector (CERCA) with 256× 256
pixels of 3.75mm× 3.75mm pixel size. Samples were filled in 2mm Hellma 404 Quartz

Suprasil cells. The sample temperature was adjusted to 25 ◦C using a circulating wa-

ter bath. The detector images were azimuthally averaged, corrected to transmission

of the direct beam and scaled to absolute intensity using the LAMP software. Scaling

to absolute intensity was based on a 1mm H2O cell as secondary calibration standard

( dΣdΩ = 0.929 cm−1 at a neutron wavelength of 5 Å). The scattering from the solvent and

the incoherent background were subtracted from the scattering curves. Details for the

data reduction can be found in Chapter 2 of Ref. [31].

83



5 — Contrast variation

5.2.5 SAXS

Small-angle X-Ray scattering was performed at the ID02 beamline of the European Syn-

chrotron Radiation Facility (ESRF). Two sample to detector distances (10m and 1m)

were measured at a X-Ray energy of 12.46 keV (0.0995nm) using a Rayonix MX-170HS

CCD detector to cover a q-range of 8× 10−3 nm−1 − 6nm−1. Samples were filled in

2mm quartz glass capillaries (WJM Glas Müller, Berlin, Germany). The detector im-

ages were corrected for dark and flat-field, azimuthally averaged, corrected to trans-

mission of the direct beam and scaled to absolute intensity using water as a secondary

standard.32,33 The scattering from the solvent was subtracted from the scattering curves.

Details can be found in Ref. [33]. Error bars were estimated as standard deviations from

measurements of at least five different positions within the capillary.

5.2.6 Small-angle scattering data analysis

The form factor of spherical self-assembled block copolymers with excluded volume

interaction of the polymer chains in the corona28 was used to fit the SAXS and SANS

data. The specific macroscopic scattering cross-section per unit solid angle dΣ
dΩ

(q) of a

solution of micelles can be written as28

dΣ

dΩ
(q) = N

[
N2aggβ

2
coreA

2
core (q)+

Naggβ
2
coronaP

′
corona (q)+

2N2aggβcoreβcoronaAcore (q)Acorona (q)+

Nagg
(
Nagg − P

′
corona(0)

)
β2coronaA

2
corona (q)

]
(5.3)

where N is the number density of micelles, Nagg the aggregation number of micelles,

βcore and βcorona are the total excess scattering length of the block forming the spherical

core and the corona, respectively. They are defined as

βcorona = Vm, coronaDPcorona∆ρcorona (5.4)

and

βcore = Vm, coreDPcore∆ρcore (5.5)

with Vm being the molecular volume of the respective monomer unit, DPcorona and

DPcore the degree of polymerization of the corona and core block and ∆ρ the corre-

sponding excess scattering length density.
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5.2.6 — Small-angle scattering data analysis

Equation 5.3 consists of four different contributions: scattering from the spherical

homogeneous core A2core(q), scattering from the polymer chains in the corona P ′corona (q),

the term which takes into account the cross-term between core and corona Acore(q) ·
Acorona(q) and a term which takes into account interferences between chains in the

corona A2corona(q). Acore(q) is the scattering amplitude of a homogeneous sphere34 with

radius Rcore

Acore (q) = 3
sin (qRcore) − qRcore cos (qRcore)

(qRcore)
3

(5.6)

P ′corona (q) is the form factor of a chain in the corona. It contains the self-correlation of

the chain Pexv(q) as well as the interaction between the chains, which is expressed by

the interaction parameter ν28,35

P ′corona (q) =
Pexv(q)

1+ νPexv(q)
(5.7)

where Pexv(q) is the form factor of a semi flexible self-avoiding chain. This form factor

was first derived by Pedersen and Schurtenberger36 and later corrected.37 In experi-

ments ν typically adopts values between 0 and 8 and is related to the osmotic com-

pressibility κ by28,35,38

κ = 1+ ν (5.8)

Acorona (q) is given by

Acorona (q) =

∫
ρcorona(r)r

2 sin (qr)
qr dr∫

ρcorona(r)r2dr
(5.9)

with ρcorona(r) as the scattering length density profile in the corona. Acorona (q) is nor-

malized so that Acorona (0) = 1. In this work we use a Gaussian profile, which is defined

as

ρcorona(r) =


0 for r < Rcore

1 for r = Rcore

exp
(
−(r−Rcore)

2

2s2

)
for r > Rcore

(5.10)

with s controlling the thickness of the corona.

In order to take into account the size distribution of micelles we assumed a log-

normal distribution of the aggregation number Nagg

p
(
Nagg

)
=

1

H
√
2πNagg

exp

(
− log

(
Nagg −M

)2
2H2

)
(5.11)
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where H and M define the distribution and are connected to the mean aggregation

number Nagg and standard deviation σNagg
by

Nagg = exp
(
M+

H2

2

)
(5.12)

σNagg
=
√

exp (H2 + 2M) (exp (H2) − 1) (5.13)

The macroscopic scattering cross-section is therefore

dΣ

dΩpolydisperse
(q) =

∫
dΣ

dΩ
(q)p(Nagg)dNagg (5.14)

Instrumental resolution for SANS has been taken into account according to Ref. [39].

The macroscopic scattering function is convoluted with a resolution function R (q,σq),

which depends on wavelength spread, finite collimation of the beam and detector reso-

lution
dΣ

dΩ smeared
(q) =

∫
R(q,σq)

dΣ

dΩpolydisperse
(q)dq (5.15)

For the form factor fits we used the SASET program,40 which allows global fitting of

several contrasts at the same time. During the data analysis of the SANS curves we took

into account the instrumental resolution for each detector configuration and merged the

data only for final representation. This approach allowed us to increase the number of

available data points since we do not truncate the data in the region of overlapping

q. The factor for merging the SANS measurements at 39m to the other configurations

was set as a global fitting parameter for all the curves as using water as an absolute

calibration standard is not feasible at this sample to detector distance.

5.2.7 Dynamic light scattering

Dynamic light scattering (DLS) available in the ILL PSCM lab was performed using an

ALV CGS-3 (ALV, Langen, Germany) equipped with a HeNe laser operating at λ0 =

632.8nm. The samples were filtered in cylindrical quartz glass cells using Millex PVDF

filters with a pore size of 0.45µm. The temperature of the samples was kept at 25 ◦C.

DLS was measured in an angular range from 30° to 150° in steps of 10°.

The intensity-time correlation function g2(τ) − 1 was analyzed using the method of

cumulants41

g2(τ) − 1 = B+β exp (−2Γτ)
(
1+

µ2
2!
τ2
)2

(5.16)
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B is a factor correcting the baseline, β a factor, which depends on the experimental

setup, Γ the relaxation rate and µ2 the second cumulant. The apparent diffusion coeffi-

cient Dapp(c,q) for a given q is calculated according to

Dapp =
Γ

q2
(5.17)

The diffusion coefficient is extrapolated towards q = 0 according to42,43

Dapp(q) = D0
(
1+CR2gq

2
)

(5.18)

where C is a constant describing the q dependence ofDapp(q). The diffusion coefficient

D0 is used to calculate the hydrodynamic radius Rh using the Stokes-Einstein equation

Rh =
kBT

6πηD0
(5.19)

where T is the temperature, kB the Boltzmann constant and η the viscosity of the sol-

vent.

The viscosity of D2O and H2O was obtained from Ref. [44], while for mixtures of

D2O and H2O the viscosity was calculated based on the volume fraction.

5.2.8 Isothermal titration calorimetry (ITC)

Isothermal titration calorimetry (ITC) was performed using a VP-ITC calorimeter from

Malvern Instruments at 25.0 ◦C. The cell contained 1.4mL of a solution of PA (0.2 g L−1

in 100mmol L−1 NaCl). To this solution, between 4 and 24µL of an aqueous solution

containing 12mmol L−1 CaCl2 and 76mmol L−1 NaCl was added. The time span be-

tween the injections was 300 s. The experiment was repeated twice, first using H2O

as a solvent and then D2O. The baseline correction and integration of the peaks was

performed using the software NITPIC.45 The signals were not corrected for the heat of

dilution of the polyelectrolyte and the CaCl2 solution as these contributions were con-

siderably smaller than the heat of binding of Ca2+ to PA. The data were fitted using the

model of a single set of identical binding sites.46,47

5.3 Results and discussion

5.3.1 Review of micellization of PA-b-PSS in the presence of Ca2+27

Three polymers at three different ratios of block lengths were synthesized and investi-

gated in the context of the previous work: One polymer with a long PA and a short
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PSS block (d3-PA1190PSS70), one polymer with a symmetric block ratio between PA

and PSS (d3-PA360PSS400) and one polymer with a long PSS and a short PA block

(h3-PA100PSS750). In the presence of Ca2+, d3-PA1190PSS70 and d3-PA360PSS400 form

spherical block copolymer micelles arising from the specific interaction of Ca2+ with the

PA block. In contrast, micelle formation was not observed for h3-PA100PSS750 due to the

considerably shorter PA block, not rendering the polymer chain hydrophobic enough to

form micellar aggregates. Phase diagrams of the two polymers forming micelles were

established and are presented in Figure 5.2.

Contrast variation small-angle neutron scattering of the micelles was performed at

variable H2O/D2O ratios using the two block copolymers with the deuterated PA block,

labelled as d3-PA. The black dots in Figure 5.2 indicate the sample composition where

the contrast variation experiments were conducted. A preliminary analysis of the scat-

tering data revealed that d3-PA blocks complexed by Ca2+ form the hydrophobic core

of the micelle, while PSS is located in the corona and stabilizes the aggregates.

Furthermore, it was shown that an increase of temperature promotes the binding of

Ca2+ to PA and was therefore used to induce micelle formation of a sample close to the

phase transition. It was demonstrated that micelle formation is reversible and can be

induced and reverted by consecutive additions of Ca2+ and a complexing agent such as

Na2EDTA and by consecutive cycles of temperature increase and drop respectively.

5.3.2 Scattering analysis with a form factor model

The main motivation for performing a contrast variation experiment on the presented

system is to figure out whether PSS or PA forms the hydrophobic core of the anticipated

micellar aggregates. This was already elucidated in the previous work27, however fitting

the data with a form factor model also makes accessible information about the exact

size of the micelle core, the water content inside the micelle core, the thickness of the

corona as well as the interaction of the polymer chains in the corona. In order to

assess such information, the model of a block copolymer micelle with self-avoiding

chains in the corona (eq. 5.3) was used to fit the experimental data.28 In addition to

the polymers d3-PA360PSS400 and d3-PA1190PSS70 a third fully hydrogenated polymer

h3-PA1190PSS70 is investigated in the current work. Deuteration is not always feasible

as deuterated monomers do not exist for a wide range of polymers and deuteration of

biological molecules such as proteins or sugars is often difficult and very cost intensive.

Nevertheless, a contrast variation experiment is still possible if the scattering length
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Figure 5.2: Phase diagrams of (A) d3-PA1190PSS70/h3-PA1190PSS70 and (B)
d3-PA360PSS400 in the presence of Ca2+. The black points indicate the points where
the contrast variation experiments were performed.

densities of two components are sufficiently different. h3-PA1190PSS70 will be used as a

showcase to illustrate the feasibility of performing a contrast variation study on a fully

hydrogenated block copolymer. Section 5.3.2 will present a comparative and exhaustive

interpretation of the SANS and SAXS curves of all three block copolyelectrolyte samples

with suitable model form factors.28

Figure 5.3 shows the SANS profiles of d3-PA360PSS400 micelles at variable H2O/D2O

ratios. As has been outlined in Reference [27] the overall shape and the forward scatter-

ing of the SANS profiles presented in Figure 5.3 drastically change upon variation of the

solvent ratio H2O/D2O. SAXS on the same samples was also performed to show that

changing from light to heavy water does not influence the aggregation number, size and

morphology of the aggregates. Figure 5.4A shows these SAXS profiles. All SAXS curves

overlap perfectly (Figure 5.4B), when plotted without the multiplication factor used in
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Figure 5.3: SANS profiles of d3-PA360PSS400 (cpoly = 4 g L−1, cCa2+ = 50mmol L−1) in
0.0% D2O (A), 25.0% D2O (B), 48.6% D2O (C), 65.8% D2O (D), 80.0% D2O (E) and
100.0% D2O (F). The solid lines represent fits to the form factor of a polydisperse block
copolymer micelle.28 An overview of the fit results can be found in Table 5.2 and Table
5.7 of the Supporting Information.

Figure 5.4A. The perfect overlay of the SAXS curves clearly demonstrates, that the vari-

ation in the D2O/H2O ratio does not affect the nature of the aggregates. This finding

simplifies interpretation of the scattering data from d3-PA360PSS400 considerably.

Figure 5.5 and Figure 5.7 show the SANS profiles of d3-PA1190PSS70 and

h3-PA1190PSS70 micelles in six different H2O/D2O mixtures and Figure 5.6A and Fig-

ure 5.8A show the SAXS profiles of the corresponding solutions. As observed for

d3-PA360PSS400, the forward scattering of the SANS curves changes with varying D2O

content. For d3-PA1190PSS70 the forward scattering continously decreases with increas-

ing content of D2O, while for h3-PA1190PSS70 the forward scattering decreases until

54.0% D2O and subsequently increases again.

oreover, the slope at high q changes. This becomes particularly evident for the partly

deuterated polymer when comparing Figure 5.5C and F. In C the PSS block is matched

and a slope of −4 is found. Contrast F is the closest possible one to the match of d3-PA

and shows a less step slope, which is closer to −2. The data at high q for the fully

hydrogenated polymer show a higher statistical error than the data from the two other

polymers. This can be attributed to the higher 1H content of the fully hydrogenated

polymer. Hence, the subtraction of the higher incoherent background introduces more
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Figure 5.4: SAXS profiles of d3-PA360PSS400 (cpoly = 4 g L−1, cCa2+ = 50mmol L−1) in 0.0%
D2O, 25.0% D2O, 48.6% D2O, 65.8% D2O, 80.0% D2O and 100.0% D2O. A shows the
curves multiplied with an offset, while B shows the curves without the multiplication
factor. The solid lines represent fits to the form factor of a polydisperse block copolymer
micelle.28 An overview of the fit results can be found in Table 5.2 and Table 5.7 of the
Supporting Information.

noise to the data. This makes the determination of slopes at high q for this polymer

difficult.

The SAXS profiles of d3-PA1190PSS70 and h3-PA1190PSS70 in Figure 5.6A and Figure

5.8A show well-defined form factor oscillations, however a closer look at the position

of the first minimum of P(q) shows, that qmin shifts to slightly higher values when the

D2O content is increased. This corresponds to a slightly changing micelle size when

changing the D2O/H2O ratio. As this feature is very hard to be identified with SANS

curves only, it highlights the relevance of a combined SANS and SAXS experiment for

all samples of a contrast variation study.

The scattering curves of all three samples were analyzed with two possible configu-

rations: Ca0.5-d3-PA forming the core and PSS the corona as well as Ca0.5 – PSS forming
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the core and PA the corona. SANS profiles at different contrasts as well as the SAXS

profiles of the same samples were analyzed simultaneously in a global fit. Furthermore,

the fit was heavily constrained due to the knowledge of the polymer composition, poly-

mer concentration, molecular volumes48 and scattering length densities of the blocks

and the solvent.

A structure factor was not considered during the data analysis since the data did not

show any evidence for the presence of particle interaction such as an up- or downturn

at low q. This is rather unusual for highly charged systems since these systems usually

show long range interactions or aggregation.49

However, for the present case the absence of a structure factor contribution can be

explained by the high ionic strength of the respective polymer solution, which was intro-

duced by adding a certain amount of NaCl as “inert salt” (see Section 5.2.3 for details).

This addition of NaCl leads to a strong screening of the charges of the polyelectrolyte.

We estimated the ionic strength and Debye length of the solution by assuming that every

PA monomer unit binds 0.5 Ca2+ cations. For d3-PA360PSS400 we obtain an ionic strength

of 141mmol L−1 and a Debye length of 0.81nm and for d3-PA1190PSS70/h3-PA1190PSS70

an ionic strength of 98mmol L−1 and a Debye length of 0.97nm. Previous works12–16

showed, that this approach can be used to investigate the single chain behavior of ho-

mopolyelectrolytes as the added “inert salt” effectively screens interactions between the

chains. In the case of the present work this approach was used analogously and explains

the lack of any significant impact of inter-micelle repulsions on the present scattering

data.

However, for the present case the absence of a structure factor contribution can be

explained by the high ionic strength of the respective polymer solution, which leads to

a strong screening of the charges of the polyelectrolyte.

This strong screening also results in a conformation of the PSS chains in the corona,

which can be well described by a self-avoiding polymer. In previous works the use of

”inert salt” such as NaCl allowed to study the single chain behavior of homopolyelec-

trolytes such as PA and PSS.16,23

The best fit obtained from analyzing the data of d3-PA360PSS400 with Ca0.5 – PSS

forming the core and PA the corona is shown in Figure 5.15 of the Supporting Informa-

tion. It poorly describes the features of the scattering curves. In contrast, the solid lines

in Figure 5.3 and Figure 5.4A show the fits for d3-PA360PSS400 with Ca0.5 – d3PA forming

the core. The main features of the experimental data are considerably better described

by the model with a core consisting of d3-PA.27,28 This nicely agrees with the conclusions
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Figure 5.5: SANS profiles of d3-PA1190PSS70 (cpoly = 4 g L−1, cCa2+ = 25mmol L−1) in
0.0% D2O (A), 25.0% D2O (B), 48.6% D2O (C), 73.3% D2O (D), 87.5% D2O (E) and
100.0% D2O (F). The solid lines represent fits to the form factor of a polydisperse block
copolymer micelle.28 An overview of the fit results can be found in Table 5.2 and Table
5.7 of the Supporting Information.

drawn from our previous work27, confirming once again the fact that d3-PA/Ca2+ forms

the core of the micellar aggregates, while PSS is located in the corona. The form factor

model with PA/Ca2+ in the core was also used for the analysis of d3-PA1190PSS70 and

h3-PA1190PSS70. The solid lines in Figure 5.5, Figure 5.7, Figure 5.6A and Figure 5.8A

show the form factor fits to the SANS and SAXS profiles. The model describes the data

well for all contrasts. Unlike to the form factor analysis of the data from d3-PA360PSS400,

where the aggregation number turned out to be independent of the ratio H2O/D2O,

the slightly changing micelle size with increasing D2O content observed in the case of

the two samples with the long PA block is taken into account by assuming individual

aggregation numbers for each contrast. Therefore, each SANS and SAXS profile for a

given contrast are attributed to an individual Nagg. All the other fit parameters (σNagg
Nagg

,

Rg,corona, s, ν, h, Vm, Ca2+) are fitted simultaneously for the whole data set. Table 5.2 sum-

marizes the resulting fit parameters. The given aggregation numbers and core sizes for

d3-PA1190PSS70 and h3-PA1190PSS70 are shown representatively for the sample in 100%

D2O. Table 5.7 in the Supporting Information summarizes the aggregation numbers

Nagg for the other contrasts.

d3-PA360PSS400 micelles have an aggregation number of 19 polymers per micelle.

Compared to this the aggregation numbers of 168 > Nagg > 126 for d3-PA1190PSS70
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Figure 5.6: A SAXS profiles of d3-PA1190PSS70 micelles (cpoly = 4 g L−1, cCa2+ =
25mmol L−1) in 0.0%, 25.0%, 48.6% , 73.3%, 87.5% and 100.0% D2O. The solid lines rep-
resent fits to the form factor of a polydisperse block copolymer micelle.28 An overview
of the fit results can be found in Table 5.7 of the Supporting Information. B Aggregation
number of the micelles as a function of D2O content.

and 145 > Nagg > 117 for h3-PA1190PSS70 are considerably bigger. This increase in

aggregation number can be nicely reconciled with the increase of the PA block length

as the block responsible for the formation of the poorly soluble core.

During the data analysis it was turned out that it is necessary to take into account a

considerable amount of water in the core. Assuming a dry core consisting of polymer

does not fit the data on absolute scale since aggregation number Nagg and number

density of micelles N are strictly linked to the known polymer concentration. This

heavily constrains the fit and shows the importance of calibration to absolute intensity.

Therefore, we allowed the core to be swollen by solvent and defined the scattering

length density ρcore and the molecular volume of the core as

ρcore =
bcore

Vm, core
=

bPA– + hbsolvent + 0.5bCa2+

Vm, PA– + hVm, solvent + 0.5Vm, Ca2+
(5.20)
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Figure 5.7: SANS profiles of h3-PA1190PSS70 micelles (cpoly = 4 g L−1, cCa2+ =
25mmol L−1) in 0.0% D2O (A), 25.0% D2O (B), 48.6% D2O (C), 54.0% D2O (D), 73.3%
D2O (E) and 100.0% D2O (F). The solid lines represent fits to the form factor of a poly-
disperse block copolymer micelle.28 An overview of the fit results can be found in Table
5.7 of the Supporting Information.

with bcore being the scattering length and Vm, core the molecular volume of a monomer

in the core. h is the number of solvent molecules per monomer unit. We assumed that

every Ca2+ binds to two PA monomer units. Previous works using isothermal titration

calorimetry and calcium selective electrodes25 suggest that Ca2+ binds quantitatively to

PA.

The volume fraction of water in the core can be calculated by

fsolvent = 1−

(
Vm, PA– + 0.5Vm, Ca2+

)
DPcoreNagg

4
3πR

3
core

(5.21)

where DPcore is the degree of polymerization of the core block.

The molar volume of condensed Ca2+ Vm, Ca2+ was left free as a fit parameter

since the value based on the ionic radius (2.5 cm3mol−1)50 and the solvated ion

(−28.9 cm3mol−1)50 did not give satisfactory results. From the fits of the three block

copolymer micelles an averaged value of Vm,Ca2+ = 17.0± 2.8 cm3mol−1 was obtained.

Unlike the negative molar volume of the solvated ion, the value we found is positive,

which is attributed to the release of hydrated water molecules upon complexation with

PA.

From the fits a quite high volume fraction of 83%–85% water in the core of the

micelles is obtained. This corresponds to roughly 12 water molecules per monomer unit.
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Figure 5.8: A SAXS profiles of h3-PA1190PSS70 micelles (cpoly = 4 g L−1, cCa2+ =
25mmol L−1) in 0.0%, 25.0%, 48.6% , 54.0%, 73.3% and 100.0% D2O. The solid lines rep-
resent fits to the form factor of a polydisperse block copolymer micelle.28 An overview
of the fit results can be found in Table 5.7 of the Supporting Information. B Aggregation
number of the micelles as a function of D2O content.

In order to achieve the same core volume without solvent in the core an aggregation

number of 874 would be necessary for d3-PA360PSS400, which can be safely excluded

from fitting the data on absolute scale and given polymer concentration. Similar water

contents have been observed for the core of Pluronic P123 micelles.51

The core size results from the aggregation number, degree of polymerization of

the PA block, molar volumes of PA, Ca2+ and the water molecules in the core. For

d3-PA360PSS400 a rather small core radius of Rcore = 8.8nm together with a well-defined

standard deviation of 6.9% for the log normal distribution was found. In contrast, for

d3-PA1190PSS70 and h3-PA1190PSS70 a considerably larger micelle core of 23.7nm and

22.3nm was found. This arises from the longer PA block and the higher aggregation

numbers of those micelles compared to the polymer with equal ratios of d3-PA and

PSS. The distribution in aggregation numbers and consequently the distribution of the

core radius for d3-PA1190PSS70 and h3-PA1190PSS70 is also narrow but slightly broader
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5.3.2 — Scattering analysis with a form factor model

Table 5.2: Structural parameters resulting from the analysis of the SANS and SAXS
profile with the form factor of a polydisperse block copolymer micelle.28 An extended
version of the table including error bars can be found in the Supporting Information.

d3-PA360PSS400 d3-PA1190PSS70 h3-PA1190PSS70

Nagg 19.1 125.9a
116.8a

Rcore/nm 8.8 23.7a
22.3a

σRcore
Rcore

0.069 0.102 0.105

Rg,corona/nm 8.55 2.12 2.07

s/nm 8.9 4.05 3.53

ν 1.19 0.0 0.0
fsolvent 0.85 0.85 0.83

Vm,Ca2+/cm3mol−1 19.6 17.3 14.0
Rh/nm

b 26.2± 0.9 30.9± 1.0 34.0± 1.0
a Quantity shown for the sample in 100% D2O. b Hydrodynamic radius obtained from

dynamic light scattering.

than that of sample d3-PA360PSS400, resulting in a value of σRcore
Rcore

= 10.2% and 10.5%,

respectively. This is in particular visible in the SAXS profiles, which show well-defined

oscillations.

The radial scattering length density profiles of the micelles are shown in Figure

5.9B–D. The density profile of the PSS corona was assumed to be Gaussian and is deter-

mined by the standard deviation s. It was shown previously that the overall dimensions

of the corona of block copolymer micelles containing polyelectrolytes cannot safely be

determined by small angle scattering,49 as it is not trivial to define a reasonable cutoff

criteria for the scattering length density of the corona. Hence, Förster49 suggested using

the hydrodynamic radius to estimate the dimension of the corona including the part

with very low volume fractions on the surface of the micelle. Therefore, the scattering

length density profiles shown in Figure 5.9B–D also indicate the hydrodynamic dimen-

sions of the micelles measured by dynamic light scattering. Using this approach, the

corona covers nearly 2 · Rg,corona, with Rg,corona the radius of gyration of the polymer

chain in the corona resulting from the Pedersen-Schurtenberger form factor.36 We con-

clude that this method is a reasonable approach to estimate the overall dimensions of

the corona.

The scattering length density profiles in Figure 5.9 show the homogeneous mi-

celle core composed of d3-PA/h3-PA, which is complexed by Ca2+ and consid-

erably bigger for the h3-PA1190PSS70/ d3-PA1190PSS70 micelles. Vice versa, the

profiles highlight the substantially bigger corona for d3-PA360PSS400 compared to
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Figure 5.9: A Sketch of the d3-PA360PSS400 micelles. B Scattering length density pro-
file of d3-PA1190PSS70 micelles. C Scattering length density profile of d3-PA360PSS400

micelles. D Scattering length density profile of h3-PA1190PSS70 micelles. The vertical
dashed lines indicate the hydrodynamic dimensions of the micelles. The horizontal
dashed lines indicate the scattering length density of H2O (−0.558× 10−10 cm−2) and
D2O (6.355× 10−10 cm−2).

h3-PA1190PSS70/d3-PA1190PSS70. The parameter s controlling the thickness of the corona

is similar for d3-PA1190PSS70 (4.05nm) and h3-PA1190PSS70 (3.53nm), being in agree-

ment with the radius of gyration Rg,corona of 2.12nm (d3-PA1190PSS70) and 2.07nm

(h3-PA1190PSS70).

The relatively small dimensions of the corona for h3-PA1190PSS70/d3-PA1190PSS70

poses the question if it is necessary to consider the PSS corona in the data analysis.

Therefore, SANS curves of two selected contrasts (48.6% and 100% D2O) and a SAXS

curve of d3-PA1190PSS70 were analyzed with the model of a polydisperse sphere and are

shown in Figure 5.16 of the Supporting Information. The model describes the contrast,

where PSS is matched well (48.6% D2O). However, for the SANS curve with the contrast

in 100% D2O and the SAXS curve the model fails to describe the high q part as here the

corona scattering contributes to the signal.

Besides the corona dimension, the interaction of the polymer chains in the corona

can be derived from ν.28 It has been demonstrated by Monte Carlo simulations, that

the corona of block copolymer micelles can be treated as quasi-two-dimensional dilute

or semi-dilute polymer solution with an osmotic compressibility κ related to ν by κ =
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1+ ν.35 Moreover, ν depends on the reduced surface coverage Σ
Σ∗

Σ

Σ∗
=

NaggR
2
g, corona

4(Rcore + Rg,corona)2
(5.22)

according to a power law.28 The reduced surface coverage is the two-dimensional ana-

logue of c
c∗ , where c∗ is the overlap concentration.28 The reduced surface coverage for

d3-PA360PSS400 is 1.3, which is above the critical value of unity for the overlap of the

chains. This is compatible with the value of ν = 1.19 inferred from the analysis of the

scattering profiles. We thus conclude that the PSS chains in the corona of d3-PA360PSS400

micelles are overlapping.

When calculating the reduced surface coverage for h3-PA1190PSS70 and

d3-PA1190PSS70 one obtains 0.23 and 0.22, which is significantly smaller than 1.0,

indicating that the chains in the corona do not overlap. This is in agreement with

the values of ν, which converged to the lower boundary of 0.0 for both samples. The

coronas of d3-PA1190PSS70 and h3-PA1190PSS70 micelles contain PSS chains which are

not interacting and do not overlap. To confirm this hypothesis we also analyzed the

scattering profiles with a block copolymer form factor, assuming Gaussian chains

grafted to the surface of a hard sphere.52 This form factor is less general than the one

used before since it is only valid for low surface coverage. The details of the model

can be found in the Supporting Information. We were able to describe the scattering

data of d3-PA1190PSS70 and h3-PA1190PSS70 micelles with similar fit quality and mi-

celle dimensions. However, when the simpler model52 was applied to the profiles of

d3-PA360PSS400 we were not able to fit the contrast shown in Figure 5.3D–F satisfactorily.

The best fit with this model is also shown in Figure 5.14 of the Supporting Information.

The simpler model52 does not allow to take into account interactions between the

chains in the corona by a ν parameter and thus fails to reproduce the scattering signal

which is dominated by the corona. Accordingly, the polymer chains in the corona for

d3-PA1190PSS70/h3-PA1190PSS70 micelles are not overlapping, whereas PSS chains in

d3-PA360PSS400 micelles are overlapping.

We conclude the section by stressing again that the H2O/D2O ratio influences the

aggregation number of d3-PA1190PSS70/h3-PA1190PSS70. This effect deserves further con-

sideration. Figure 5.6B and Figure 5.7B shows that the obtained aggregation numbers

of the micelles decrease with increasing content of heavy water. This slight decrease in

aggregate size is attributed to an isotope effect occurring upon change of the solvent
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Figure 5.10: Isothermal titration curves of PA homopolymer in the presence of Ca2+

in H2O and D2O. The curve shows the heat of binding per injection as a function of
Ca2+/PA ratio. The solid lines are fits with the model of a single set of identical binding
sites. Table 5.3 summarizes the results of the data analysis.

from light to heavy water, irrespective of the use of deuterated or hydrogenated PA and

will be addressed in detail in the next section.

5.3.3 Isotope effect

In the previous section it was found that the size of d3-PA1190PSS70 and h3-PA1190PSS70

micelles slightly decreases with increasing D2O content. For the form factor fits this

changing micelle size was taken into account by attributing an individual aggregation

number to each contrast and using this Nagg for the corresponding SANS and SAXS

curves at the respective contrast.

This change in aggregation number is caused by an isotope effect occurring upon

change of the solvent from light to heavy water and is observed for a polymer with a

deuterated PA block as well as a hydrogenated PA block. Preceding works have shown

that the solvent quality and the phase behavior of polymer-solvent systems can change

if hydrogenated solvents are replaced by deuterated solvents.53 Moreover, it has been

shown that the phase boundaries of proteins in the presence of multivalent cations may

change when going from light to heavy water.54 These effects arise from the slightly

different interaction of the deuterated solvent with the macromolecule. This seems to

be also the case for the present system.

The isotope effect only appears for d3-PA1190PSS70 and h3-PA1190PSS70 but not for

d3-PA360PSS400. As the effect only appears for the polymers with the long PA block,

it is possible that the binding of Ca2+ to PA plays an important role in the process.
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In order to clarify if the isotope effect is accompanied by a difference in binding of

Ca2+ to PA in H2O or D2O isothermal titration calorimetry was performed in light and

heavy water. This technique measures the heat of binding upon addition of Ca2+ to a

solution of PA. Figure 5.10 shows the titration curves in H2O and D2O as well as the

fit to the model of a single set of identical binding sites.46,47 Table 5.3 summarizes the

obtained enthalpy of binding ∆H
, entropy of binding T∆S
, binding constant K and

stochiometry of binding n. From the titration curves it is clear that the binding in H2O

and D2O have identical binding constants K, however the enthalpy of binding ∆H
 and

the entropy of binding T∆S
 is slightly larger for the titration in D2O. We attribute this

slight difference also to an isotope effect and conclude that this isotope effect controls

the binding of Ca2+ and the aggregation number of the micelles.

5.3.4 Stuhrmann analysis

In section 5.3.2 it was shown that the SANS profiles from the contrast variation ex-

periment can be well described by a suitable form factor model.28 However, such an

analytical expression for a form factor model is not always available, in particular for

systems which are not as well-defined as block copolymer micelles. Moreover, deuter-

ation is not always feasible as deuterated monomers do not exist for a wide range of

polymers and deuteration of biological molecules such as proteins or sugars is often

difficult and very cost intensive. Nevertheless, a contrast variation experiment is still

possible if the scattering length densities of two components are sufficiently different.

In order to be able to analyze contrast variation experiments, Stuhrmann29,30 devel-

oped a model-indepedent approach, the so called Stuhrmann analysis. In this section

this approach is employed for d3-PA1190PSS70 as well as d3-PA360PSS400 and compared

with the results from the form factor fits. Eventually, the potential of the method is

demonstrated by applying it to the data of h3-PA1190PSS70, nicely demonstrating that

Table 5.3: Results of the ITC experiments probing the binding of Ca2+ to PA in H2O and
D2O at 25 ◦C.

H2O D2O
K/Lmol−1 6.3× 103 ± 0.3× 103 6.4× 103 ± 0.5× 103
∆H
/kJmol−1 17.45± 0.34 19.76± 0.56
T∆S
/kJmol−1 39.14± 0.46 41.49± 0.75
∆G
/kJmol−1 −21.69± 0.12 −21.73± 0.19
n 0.231± 0.002 0.239± 0.003
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reliable structural information can be obtained even from a fully hydrogenated poly-

mer and more importantly without necessarily using form factor fits.
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Figure 5.11: A) Coherent forward scattering for d3-PA360PSS400, d3-PA1190PSS70 and
h3-PA1190PSS70 from SANS as a function of D2O content. The solid line represents a
linear fit to the data. The data for d3-PA1190PSS70 and h3-PA1190PSS70 are normalized
by the aggregation number Nagg. The vertical dashed lines indicate the theoretical
match points calculated from the chemical composition. (B) Squared radius of gyration
R2g as a function of inverse scattering contrast for d3-PA360PSS400, d3-PA1190PSS70 and
h3-PA1190PSS70. The straight lines are fit to equation 5.23.29,30

Figure 5.11A shows the square root of the coherent SANS scattering intensity at

q → 0 for the measured contrasts as a function of D2O content for all three samples.

We used Nagg (determined from the form factor fits) for the samples d3-PA1190PSS70

and h3-PA1190PSS70 to normalize the coherent forward intensity from SANS in order

to account for the effect of a change in aggregation number. The data follow a linear

behavior as first shown by Stuhrmann,29,30 which is expected when the contrast term ∆ρ

is changed. A linear fit of the data shows that the match points of the block copolymer

micelles is at 64.3± 0.4% D2O (d3-PA360PSS400), 125.6± 0.7% D2O (d3-PA1190PSS70) and

57.4 ± 0.6% D2O (h3-PA1190PSS70). Based on the chemical composition of the block
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5.3.4 — Stuhrmann analysis

copolymer and the scattering length densities of the two blocks the theoretical match

point of the block copolymers and their micelles can be calculated. The theoretical

matchpoint for all three polymers is close to the experimentally found, which confirms

the successful synthesis and preliminary characterization of the block copolymer.

Further, more quantitative information can be extracted from the scattering curves

by plotting the squared apparent radius of gyration R2g from a Guinier analysis at low

q as a function of the inverse scattering contrast ∆ρ−1. Figure 5.11B shows the so called

Stuhrmann plot.29,30 Ibel and Stuhrmann29,30 showed that for a two-component system

R2g depends on ∆ρ−1 as

R2g = R2m +α∆ρ−1 + γ∆ρ−2 (5.23)

with Rm being the radius of gyration at infinite contrast. The coefficient α is related to

the second moment of the scattering length density fluctuations about its mean value.

The coefficient γ is the square of the first moment of the density fluctuations about the

mean. If α is positive the component of the lower scattering length density is located

more towards the inside of the objects. For a negative value of α the component with

the higher scattering length density is concentrated in the inside. γ is proportional to

the squared separation of the two components, with γ = 0 indicating that the centers-

of-mass are coinciding.

Figure 5.11B shows R2g as a function of ∆ρ−1 for the three samples. For all three

polymers the points follow a straight line with γ being close to zero and with a negative

slope α.

For all three samples, a negative value for α indicates that the PA blocks are always

located in the core of the micelles. It may not have been clear at the outset of the exper-

iment that this also holds for the fully hydrogenated sample h3-PA1190PSS70. However,

calculation of the scattering length densities ρ for PSS (2.82× 1010 cm−2) and h3-PA

(4.21× 1010 cm−2) reveals that they are sufficiently different also for the fully hydro-

genated sample, with h3-PA having a larger ρ. This nicely demonstrates the benefit of

additionally analyzing a fully hydrogenated sample.

The fact that γ is close to zero shows that the center-of-mass of PSS and d3-PA/h3-PA

coincide. Such a situation is only compatible with a highly symmetrical core-shell struc-

ture of the micelles. Furthermore, the scattering curves do not show any indication for

the presence of cylindrical or vesicular micelles, which would also be compatible with

a value of γ close to zero. Accordingly, we can already conclude from the model free

analysis and without using information from the form factor fits that the micelles are
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spherical with a core composed of d3-PA/h3-PA and a corona of PSS, being in full

agreement with the form factor fits.

Using the parallel axis theorem one can relate α and R2m to the radius of gyration of

the core Rg,core and the radius of gyration of the shell Rg,shell
55

R2m = fcoreR
2
g,core + fshellR

2
g,shell (5.24)

α = (ρcore − ρshell)fcorefshell(R
2
g,core − R

2
g,shell) (5.25)

with fcore and fcorona being the volume fraction of core and corona block and ρcore and

ρcorona the scattering length densities of the core and corona block, respectively. All

the information is available from the chemical composition and molar volumes of the

monomer units. Equation 5.24 and 5.25 can be solved for Rg,core and Rg,shell, making

the dimensions of the micelles directly accessible from a model-independent analysis of

the scattering data. Table 5.4 summarizes the values of Rm, α, Rg,core and Rg,shell for all

three samples.

For d3-PA360PSS400 a value of Rg,core = 7.1nm and Rg,shell = 18.0nm is found. This

indicates that the micelles contain a d3-PA core which is surrounded by a rather thick

shell of PSS, in perfect agreement with the scattering length density profiles obtained

from the form factor fits. The core radius Rcore from the form factor fits can be used to

calculate a value for Rg,core by31

Rg,core =

√
3

5
Rcore (5.26)

Rg,core calculated accordingly is 6.8nm, in perfect agreement with the value obtained

from the model independent analysis (7.1± 2.5nm).

Table 5.4: Micelle dimensions obtained from the Stuhrmann plot (R2g versus ∆ρ−1).

Polymer Rm/nm α Rg,core/nm Rg,shell/nm

d3-PA360PSS400 16.1± 1.4 (−2.9± 0.3)106 7.1± 2.5 18.0± 1.7
d3-PA1190PSS70 21.6± 1.0 (−3.5± 0.4)106 19.9± 1.1 29.7± 4.9
h3-PA1190PSS70 18.7± 1.2 (−6.2± 2.5)105 16.8± 2.3 30.1± 5.1

Using equations 5.24-5.25 for d3-PA1190PSS70 yields Rg,core = 19.9nm and Rg,shell =

29.7nm, nicely illustrating the considerably bigger d3-PA core for this sample and the

rather thin PSS corona. Comparing the core radius from the form factor analysis with

Rg,core using eq. 5.26 yields a value of 18.4nm from the form factor fit. This shows a

good agreement between both methods, in particular when taking into account that the
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isotope effect and therefore the slightly changing micelle dimensions is not considered

in Figure 5.11B of the Stuhrmann analysis.

Finally, the micelle dimensions for the fully hydrogenated polymer h3-PA1190PSS70

are calculated. The values of Rg,core = 16.8nm and Rg,shell = 30.1nm are very similar to

the results found for d3-PA1190PSS70 micelles, showing that the h3-PA1190PSS70 micelles

also consists of a large PA core and a thin PSS corona. The radius of gyration of the core

according to eq. 5.26 and the form factor fit is 17.3nm, which is in perfect agreement

with the result from the Stuhrmann plot (16.8± 2.3nm).

The quantitative discussion presented above is a nice verification of the power of the

Stuhrmann analysis, for which we could provide a highly suitable model system. The

model independent analysis does not only offer values for important size parameters of

the micelles, but provides evidence for a core shell structure of these micelles, with the

PA blocks located at the core of the micelles. These features and conclusions could be

consistently and independently derived from investigating three different block copoly-

electrolyte samples of the type PA-b-PSS. This nicely shows the potential of the model

free analysis given in the present section and at the same time confirms the form factor

fits.

5.4 Conclusion

We investigated self-assemblies of block copolymers of the two polyelectrolytes poly-

acrylate (PA) and polystyrene sulfonate (PSS) by a combination of contrast variation

small-angle neutron scattering, small-angle X-ray scattering and dynamic light scatter-

ing. In a previous work27 we showed that such block copolymers form well-defined

micelles in the presence of Ca2+. In order to investigate the morphology of these mi-

celles, the PA block was selectively deuterated.

First and foremost, SANS and SAXS reveal a spherical micellar shape for the ag-

gregates with a well-defined size and a low polydispersity for three different block

copolyelectrolytes of the type PA-b-PSS, using the model of a block copolymer micelle

with a homogeneous scattering length density in the core and self-avoiding chains in

the corona.28 Model interpretation confirmed the micellar shape of the aggregates and

unambiguously proved that Ca2+ cations are binding to PA and that this complex forms

the hydrophobic core of the micelles. This core contains up to 85 vol% of water. PSS

forms the corona of the micelles and adopts the conformation of self-avoiding polymer

chains. Furthermore we found, that the PSS chains in the corona do not overlap for a
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block copolymer with a high fraction of PA, while they start to show excluded volume

effects once they overlap due to an increase of the PSS fraction. As the interactions of

the Ca2+ cations with the PSS chains are only non-specifiic being dominated by elec-

trostatically based screening of electrostatic forces, the resulting PSS corona stabilizes

the micelles and keeps the phase separation otherwise observed with pure PA and Ca2+

confined to the core of the micelles.

For a set of block copolymers with a long PA and a short PSS block a small change

in dimensions was observed in the SAXS profiles when going from H2O to D2O. This

was attributed to an isotope effect arising from a slightly different binding enthalpy of

Ca2+ to PA in H2O and D2O. Having SAXS and contrast variation SANS data available

it was possible to take into account this as a change in aggregation number in the data

analysis. Such effects are at risk to be neglected in contrast variation experiments and

the present example stresses the importance of combining SAXS and SANS in order to

elucidate such effects and take them into account during the data analysis.

Finally, we demonstrated that contrast variation can also be performed on a fully

hydrogenated block copolymer as long as the scattering length densities of the blocks

are sufficiently different. In combination with the SAXS data it was possible to reliably

determine the size, structure and morphology of the micelles. This is particularly in-

teresting for samples where deuteration is not possible and nicely illustrates the future

potential of novel, more powerful neutron sources.
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5.5 Supporting Information

5.5.1 Scattering length densities

Table 5.5 shows the molar volumes Vm, scattering length b and scattering length den-

sities ρ for neutrons and X-rays (at 12.46 keV) used for the analysis of the data. The

scattering length density of a given compound is given by

ρ =
b

Vm
Na (5.27)

with NA being the Avogadro constant.

Table 5.5: Molar volumes, neutron and X-ray scattering length and scattering length
density of the used compounds. ρX-rays was calculated for a X-ray energy of 12.46 keV .

Compound Vm bneutrons bX-Rays ρneutrons ρX-rays
/cm3mol−1 /fm /fm /1× 1010 cm−2/ /1× 1014 cm−2

h3 PA– 29.1a 20.327 107.269 4.208 22.21
d3 PA– 29.1a 51.557 107.269 10.674 22.21
NaPSS 108.7 50.881 299.823 2.818 16.61
D2O 18.141 19.145 28.242 6.355 9.375
H2O 18.069 −1.675 28.242 −0.558 9.398
Ca2+ 17.0± 2.8b 4.7 51.652 1.665 1.830× 10−3
d3-PA1190PSS70

c 7.789
h3-PA1190PSS70

c 3.506
d3-PA360PSS400

c 4.200
a Taken from reference [48]. b The molar volume of Ca2+ was fitted. The shown value
is the average value we obtained from analysis of the three different polymers. c We
assumed that every PA monomer is complexed by 0.5 equivalents of Ca2+.

5.5.2 Scattering from block copolymer micelles with Gaussian chains in the

corona

The form factor for block copolymer micelles with Gaussian chains in the corona was

first derived by Pedersen52. It assumes a homogeneous core, with Gaussian chains in

the corona. The Gaussian chains are displaced from the surface of the core to avoid
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penetration into the core. The form factor is given by

dΣ

dΩ
(q) = N

[
N2aggβ

2
coreA

2
core (q)

+Naggβ
2
coronaPcorona (q)

+ 2N2aggβcoreβcoronaAcore (q)Acorona (q)

+Nagg
(
Nagg − 1

)
β2coronaA

2
corona (q)

]
(5.28)

The form factor is similar to the one given in eq 5.3 of the main manuscript. It contains

four different terms: The scattering from the homogeneous core A2core, the form factor

of the chains in the corona Pcorona (q), the cross-term between core and chains in the

corona Acore (q)Acorona (q) and the cross-term between chains in the corona A2corona (q).

Furthermore, the pre-factors of the individual terms are the aggregation number of the

micelleNagg and the excess scattering length densities of the block forming the spherical

core βcore and the corona βcorona.

Acore is given by the scattering amplitude of a homogeneous sphere with radius Rcore

Acore (q) = 3
sin (qRcore) − qRcore cos (qRcore)

(qRcore)
3

(5.29)

Pcorona (q) is given by the Debye function, describing the form factor of a Gaussian chain

with radius of gyration Rg

Pcorona (q) =
2
(
exp

(
−q2R2g

)
− 1+ q2R2g

)(
q2R2g

)2 (5.30)

Acorona (q) is given by

Acorona (q) =
1− exp

(
−q2R2g

)
q2R2g

sin (q (Rcore + dRg))

q (Rcore + dRg)
(5.31)

The parameter d describes the displacement of the Gaussian chains from the surface of

the core and is usually around 1.

In order to take into account the size distribution of micelles we assumed a log-

normal distribution of the aggregation number Nagg

p
(
Nagg

)
=

1

H
√
2πNagg

exp

(
− log

(
Nagg −M

)2
2H2

)
(5.32)

where H and M define the distribution and are connected to the mean aggregation

number Nagg and standard deviation σNagg
by

Nagg = exp
(
M+

H2

2

)
(5.33)
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σNagg
=
√

exp (H2 + 2M) (exp (H2) − 1) (5.34)

The macroscopic scattering cross-section is therefore

dΣ

dΩpolydisperse
(q) =

∫
dΣ

dΩ
(q)p(Nagg)dNagg (5.35)

Instrumental resolution for SANS has been taken into account according to Ref. [39].

The macroscopic scattering function is convoluted with a resolution function R (q,σq),

which depends on wavelength spread, finite collimation of the beam and detector reso-

lution
dΣ

dΩ smeared
(q) =

∫
R(q,σq)

dΣ

dΩpolydisperse
(q)dq (5.36)

Figure 5.13 and 5.12 show the SANS and SAXS profiles of d3-PA1190 PSS70 micelles

fitted with the model described in equation 5.28. The model is able to describe the data

sufficiently well. Table 5.7 shows the fit parameters as well as χ2 of this fit together with

the fits presented in the main manuscript.

Figure 5.14 shows the SANS profiles of d3-PA360 PSS400 micelles fitted with the model

described in equation 5.28. The data for the contrasts shown in sub-figure D–F are not

well described by the model. Since the model in equation 5.28 does not take into account

interaction between the chains in the corona, contrast where the scattering signal is

dominated by the corona are poorly described.
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Figure 5.12: SAXS profiles of d3-PA1190 PSS70 micelles in 0.0%, 25.0%, 48.6% , 73.3%,
87.5% and 100.0% D2O. The solid lines represent fits to equation 5.28.
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Figure 5.13: SANS profiles of d3-PA1190 PSS70 micelles in 0.0% D2O (A), 25.0% D2O (B),
48.6% D2O (C), 73.3% D2O (D), 87.5% D2O (E) and 100.0% D2O (F). The solid lines
represent fits to equation 5.28.
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Figure 5.14: SANS profiles of d3-PA360 PSS400 micelles (cpoly = 4 g L−1, cCa2+ =
50mmol L−1) in 0.0% D2O (A), 25.0% D2O (B), 48.6% D2O (C), 65.8% D2O (D), 80.0%
D2O (E) and 100.0% D2O (F). The solid lines represent fits fit to equation 5.28.

5.5.3 Model with PSS core and d3-PA corona

Figure 5.15 shows the SANS profiles of d3-PA360 PSS400 and the model fit (self-avoiding

chains in the corona, c.f. equation 5.3 in the main manuscript) with PSS in the core and

d3-PA corona. This model can not describe the scattering data sufficiently well.
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Figure 5.15: SANS profiles of d3-PA360 PSS400 (cpoly = 4 g L−1, cCa2+ = 50mmol L−1) in
0.0% D2O (A), 25.0% D2O (B), 48.6% D2O (C), 65.8% D2O (D), 80.0% D2O (E) and
100.0% D2O (F). The solid lines represent fits to the form factor of a polydisperse block
copolymer micelle with PSS in the core and d3-PA in the corona.

5.5.4 Fitting procedure

For the form factor fits we used the SASET program,40 which allows global fitting of

several contrasts at the same time. During the data analysis of the SANS curves we took

into account the instrumental resolution for each detector configuration and merged the

data only for final representation. This approach allows us to increase the number of

available data points since we do not truncate the data in the region of overlapping q.

We performed a global fit to the SANS and SAXS data with a single set of shared fitting

parameters. For the samples, where the aggregation number changes with D2O content

we attributed a common aggregation number to the corresponding SANS and SAXS

curves but left the rest of the fitting parameters as global fitting parameters.

In order to constrain the fit we used the molar volumes of the individual blocks,

known from the degree of polymerization and the molar volumes listed in Table 5.5.

Moreover, we restricted the fit by giving the used polymer concentration. Together with

the aggregation number Nagg (which is a fitting parameter) the number density N of

micelles in L−1 is directly obtained by

N =
c

MpolymerNagg
NA (5.37)

with c the polymer concentration in gL−1, the molecular weight of the polymer

Mpolymer and the aggregation number Nagg.
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5.5.5 Overview of the fit parameters from SANS and SAXS

Table 5.6 shows an overview of the obtained values of χ2. Table 5.7 shows an overview

of the obtained fitparameters for the SANS and SAXS profiles as well as the estimated

errors. Note, that the error obtained from the least-squared fitting routine tends to

underestimate the errors of the fit parameters. They also do not take into account sys-

tematic errors (e.g. from the difficult background subtraction for SAXS data at high q)

and the correlation terms between the standard deviations of different fit parameters.56

Table 5.6: χ2red for the fits shown in the main manuscript (Figure 5.3, 5.4, 5.5, 5.6, 5.7,
5.8) and Figure 5.13 and 5.12 in the supporting information.

Sample Model χ2red
h3-PA1190 PSS70 Self-avoiding chain 16.8
d3-PA1190 PSS70 Self-avoiding chain 55.0
d3-PA1190 PSS70 Gaussian chain 57.6
d3-PA360 PSS400 Self-avoiding chain 5.6
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Figure 5.16: Fit of SANS and SAXS data of d3-PA1190PSS70 micelles with the model of a
polydisperse sphere.

5.5.6 Fit with the form factor of a polydisperse sphere

A selection of three scattering curves, SANS curves recorded at 48.6% D2O and 100%

D2O and one SAXS curve of d3-PA1190PSS70 are fitted in addition by the simpler model

of a polydisperse sphere[34] neglecting the corona. The results from these fits are illus-

trated in Figure 5.16. For the SANS curve recorded at the contrast at 48.6% D2O the

data are well described as the corona is matched. However, the SANS curve at 100%

D2O and the SAXS curve are poorly described at mid and high q. Hence, the SANS

and SAXS data of d3-PA1190PSS70 can not be adequately described by the model of a

polydisperse sphere and an additional corona has to be taken into account.
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Chapter 6

Invertible micelles based on ion specific

interactions of Sr2+ and Ba2+ with double

anionic block copolyelectrolytes

Abstract

Polyelectrolytes show diverse ion-specific effects with a wide variety of ions. In the

present work, we study the solution behavior of diblock copolymers with poly acrylate

(PA) and poly styrenesulfonate (PSS) blocks in the presence of the earth alkaline cations

Ca2+, Sr2+ and Ba2+. Micellization can be triggered by a variation in temperature.

For Ca2+, this micelle formation occurs at high temperatures, while for Sr2+ and Ba2+,

it occurs at high and low temperatures with an intermediate temperature regime of

single chains. Small-angle neutron scattering on a partly deuterated block copolymer

unambiguously revealed that at low temperatures, PSS/M2+ forms the core of the

micelles, whereas at high temperatures, PA/M2+ forms the core, effectively allowing

to reverse the micelle structure by changing the temperature. This inversion of the

micellar morphology, induced by a dual-responsive behavior, can be understood by

using isothermal titration calorimetry and elucidating the thermodynamics of cation

binding.

Reprinted with permission from Carl, N.; Prévost, S.; Schweins, R.; Houston, J. E.;

Morfin, I.; Huber, K.; Invertible micelles based on ion specific interactions of Sr2+ and

Ba2+ with double anionic block copolyelectrolytes; Macromolecules, 2019, 52, 22, 8759-

8770, DOI: 10.1021/acs.macromol.9b01924. Copyright 2019 American Chemical Society.
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6 — Invertible micelles

6.1 Introduction

Amphiphilic block copolymers self-assemble into structures ranging from spherical1

to worm-like micelles2 or vesicles.3 Extensive research has been conducted to develop

block copolymers where one of the blocks responds to external stimuli such as temper-

ature,4 pH,5 pressure,6 or light7 in order to affect the hydrophobicity of the respective

block and hence to switch between the monomeric and self-assembled state. So far,

such stimuli or combinations thereof have been used to generate switchable emulsi-

fiers,8 to control rheology9 or to release active agents.10 In order to create even more

versatile systems, research efforts were aiming at block copolymers where each of the

two blocks responds to a different stimulus. Such systems were expected to accomplish

an inversion of the micellar structure by reversibly addressing the stimulus of the two

blocks one by one. Accordingly, the term schizophrenic micelles has been coined for

these systems.11–19

The underlying concept of many of such systems makes use of one block with an

upper critical solution temperature (UCST) and a second block with a lower critical

solution temperature (LCST). Furthermore, it is ensured that a significant temperature

gap exists between the UCST and LCST.11 Only such a gap makes accessible the state of

single block copolymer chains in between the state of micelles and of inverted micelles.11

However, a problem observed during those efforts was that in the regime, where both

blocks should be soluble the chains tend to aggregate.11,17,18 In the light of potential

applications such as the controlled uptake, transport, or release of low-molecular weight

compounds, these effects are undesirable as they might provide cavities which keep

back the cargo and prevent the complete release of it.

In the present work, we pursue a slightly different strategy to realize such an in-

vertible system. Block copolymers of two negatively charged polyelectrolytes, sodium

polyacrylate (PA) and sodium polystyrene sulphonate (PSS), are synthesized.20,21 Poly-

electrolytes are commonly used as building blocks for block copolymers, because of

their water solubility, pH responsivity, and the ability to form charge-stabilized self-

assembled structures.1,22,23 The selection of PA and PSS is based on previous works,24–26

which demonstrated unambiguously that the two polyanions interact specifically and

in a different manner with alkaline earth cations. This interaction is temperature-

dependent, whereby the temperature dependence also differs when going from PA to

PSS.24,26
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6.1 — Introduction

In more detail, earth alkaline metal cations M2+ complex the anionic moieties of PA

and neutralize the negative charges. This results in phase separation of the polymer at

a critical concentration of [M2+]c, which depends on the PA concentration [PA]25,27

[M2+]c = r0 +m[PA] (6.1)

with [PA] being the concentration of PA monomer units, r0 being the minimum con-

centration of M2+ required for precipitation and m being the stoichiometry of binding.

Strikingly, the binding of M2+ to PA is endothermic with all three cations,26,28,29 and

phase separation is thus promoted by an increase of temperature,26 discernible in a

decrease in r0 with an increase of temperature.

In contrast, PSS shows a completely different phase behavior with earth alkaline

cations. No macroscopic phase separation is observed in the presence of Ca2+ and

Sr2+.24,29 For Ba2+, a horizontal phase boundary according to

[Ba2+]c = r0 (6.2)

is observed.24,30,31 Above all, the binding of Ba2+ to the anionic moieties of PSS is dom-

inated by an exothermic complexation29 and r0 decreases in this case with decreasing

temperature.24

We deliberately used the term phase separation instead of precipitation for all these

cases as we are most likely dealing with a liquid-liquid phase separation (LLPS) of

the dissolved polyelectrolytes neutralized via specific interactions with alkaline earth

cations.32 In fact Kanai and Muthukumar33 could demonstrate that the LLPS observed

with Ba2+ and PSS obeys an UCST behavior. As the impact of temperature on the

binding of Ba2+ to PA is inverse to the binding of Ba2+ to PSS, we have a good reason

to assume that the interaction with Ba2+ exhibits a LCST. Given that the interaction of

PA with M2+ obeys a LCST behavior whereas the interaction of PSS with Ba2+ is of an

UCST type, a combination of these two features in a block copolyelectrolyte may pave

the road to invertible micelles with Ba2+ and PA-b-PSS diblock copolymers, in analogy to

the concept pursued by Papadakis et al.11,17,18 It is this idea, which is at the center of the

present work. A first step along this line has already been accomplished in a preceding

work, in which we showed that these differing modes of interaction with Ca2+ can be

used to self-assemble PA-b-PSS block copolymers into well-defined micelles.20

Herein, we report on the effect of temperature on the self-assembly of PA-b-PSS in

the presence of Ca2+, Sr2+, and Ba2+. Small-angle neutron scattering (SANS) in combi-

nation with isothermal titration calorimetry (ITC) is employed to unambiguously prove
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that it is possible to create an invertible system with this type of block copolymer and

that the inversion of the micelle structure passes a regime of single chains. At the

same time, the present results introduce multivalent cations in combination with block

copolyelectrolytes as a new toolbox for temperature-responsive polymers and dual-

responsive systems.

6.2 Experiments and Data Analysis

Materials. Light water was purified using a Milli-Q-system; heavy water (D2O, Euriso-

top, France, 99.90 at.% deuterium) was filtered with a 100nm PVDF filter (Merck

Millex MPSLVV033RS) prior to use. CaCl2 · 2 H2O (Sigma-Aldrich, France, > 99.9%),

SrCl2 · 6 H2O (Fluka, Germany, > 99%), BaCl2 · 2 H2O (Sigma Aldrich, Germany, >

99.999%), NaCl (Sigma-Aldrich, France, > 99.9%), and NaOH (Sigma-Aldrich, France)

were used as received.

Polymer Synthesis. The synthesis of the (block) copolymers was done using reversible

addition-fragmentation chain-transfer polymerization and is described in detail in the

Supporting Information. The investigated PA-b-PSS block copolymers have a block ratio

of PA to PSS of 94 : 6.

Sample Preparation. In general, the samples were prepared according to a previ-

ously suggested approach. The concentration of positive charges is kept constant at

100mmol L−1. In order to achieve this, the solvent contains 100mmol L−1 NaCl and

M2+ cations are added by replacing a certain amount of 100mmol L−1 NaCl by the

corresponding amount of solution of MCl2.

For the scattering experiments, first, an aqueous stock solution of the freeze-dried

polymer in 100mmol L−1 NaCl was prepared at a polymer concentration of 8 g L−1

and adjusted to pH of 9 using a 100mmol L−1 NaOH solution. The solution is filled

up with 100mmol L−1 NaCl solution and the desired amount of 50mmol L−1 CaCl2

(SrCl2/BaCl2) by drop wise addition under vigorous stirring. The final polymer con-

centration was 1 or 4 g L−1.

The samples for small-angle X-ray scattering (SAXS) and ITC were prepared in H2O;

otherwise, the samples were prepared in D2O or a mixture of H2O and D2O.
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Density Measurements. The density of the sodium salt of PA and PSS was measured

using a DSA 5000 M densitometer (Anton-Paar) in a temperature range from 5 ◦C to

65 ◦C. Details can be found in the Supporting Information.

Small-Angle Neutron Scattering. Small-angle neutron scattering (SANS) measure-

ments were performed at the D11 SANS instrument of the Institut Laue-Langevin

(Grenoble, France). Three sample-to-detector distances (39.0m collimation 40.5m, 8.0m

collimation 8.0m, and 1.4m collimation 5.5m) and a neutron wavelength of 0.5nm (full

width at half maximum 9%) were used to cover a q-range of 2× 10−2 to 5nm−1. We

used a circular neutron beam with a diameter of 15mm. Scattered neutrons were de-

tected with a 3He MWPC detector (CERCA) with 256× 256 pixels of 3.75mm× 3.75mm
pixel size. The detector images were azimuthally averaged, corrected to transmission

of the direct beam and scaled to absolute intensity using the LAMP software. A 1mm

H2O cell was used as secondary calibration standard ( dΣdΩ = 0.929 cm−1). The inco-

herent background and the scattering from the solvent and the incoherent background

were subtracted from the scattering curves. Details for the data reduction can be found

in Chapter 2 of ref [34]. The sample temperature was adjusted to values between 6 ◦C

to 65 ◦C using a circulating water bath.

Additional SANS measurements were performed at the KWS2 small-angle scatter-

ing instrument of the Heinz Maier-Leibnitz Zentrum (Garching, Germany).35 Three

sample-to-detector distances (19.6m collimation 20.0m λ = 10 Å, 7.7m collimation

8.0m λ = 5 Å, 1.7m collimation 2.0m λ = 5 Å) were used to cover a q-range of

3× 10−2 to 1.0nm−1. Scattered neutrons were detected with a 3He multitube detec-

tor (GE Reuter Stokes Inc).36 The detector images were azimuthally averaged, corrected

to transmission of the direct beam, and scaled to absolute intensity of plexiglass as the

secondary calibration standard using the QtiKWS software. The scattering from the

solvent and the incoherent background were subtracted from the scattering curves.

Small Angle X-ray Scattering. SAXS experiments were performed at the ID02 beam-

line of the European Synchrotron Radiation Facility (ESRF). Two sample-to-detector dis-

tances (10m and 1m) were measured at an X-ray energy of 12.46 keV (0.0995nm) using

a Rayonix MX-170HS CCD detector to cover a q-range of 8× 10−3 nm−1 to 6nm−1.

Additional SAXS data were obtained from the D2AM beamline of the ESRF. Two

sample-to-detector distances (2.2m and 0.6m) were measured at an X-ray energy of
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16.00 keV (0.0775nm) using a XPAD-D5 hybrid pixel detector to cover a q-range of

5× 10−2 nm−1 to 7nm−1.

Samples were filled in a 2mm flow-through quartz glass capillary (WJM Glas Müller,

Berlin, Germany) to facilitate accurate background subtraction. The detector images

were corrected for dark and flat-field, azimuthally averaged and corrected to transmis-

sion of the direct beam. The data were scaled to absolute intensity using water as a

secondary standard.37,38 Error bars were estimated assuming Poisson statistics.

Static and Dynamic Light Scattering. Static and dynamic light scattering (SLS, DLS)

available in the ILL PSCM lab were performed using an ALV CGS-3 (ALV, Langen,

Germany) equipped with a HeNe laser operating at λ0 = 632.8nm. The samples were

filtered in cylindrical quartz glass cells using Millex PDVF filters with a pore size of

0.45µm. SLS and DLS were measured simultaneously in an angular range from 30° to

150° in steps of 10 ◦C at temperatures ranging from 6 ◦C to 65 ◦C.

The intensity-time correlation function g2(τ) − 1 measured with DLS was analyzed

using the method of cumulants39

g2(τ) − 1 = β exp (−2Γτ)
(
1+

µ2
2!
τ2
)2

(6.3)

β is a factor, which depends on the experimental setup, Γ is the relaxation rate and µ2
is the second cumulant. The apparent diffusion coefficient Dapp(c,q) for a given q is

calculated according to

Dapp =
Γ

q2
(6.4)

The diffusion coefficient is extrapolated toward q = 0 and where applicable, to c = 0

according toBurchard1980a, 40

Dapp(c,q) = D0
(
1+CR2gq

2 + kDc
)

(6.5)

where C and kD are constants describing q and the concentration dependence of Dapp,

respectively. The diffusion coefficient D0 is used to calculate the hydrodynamic radius

Rh using the Stokes-Einstein equation

Rh =
kBT

6πηD0
(6.6)

where T is the temperature, kB is the Boltzmann constant, and η the viscosity of the

solvent. The temperature-dependent viscosity of D2O, which differs from that of H2O,

was obtained from ref [41].
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Static light scattering was evaluated with the Zimm equation42

Kc

∆Rθ
=

1

Mw
+ 2A2c+

R2g

3Mw
q2 (6.7)

where c is the mass concentration of the polymer, Mw is the weight averaged molar

mass of the polymer, A2 is the second osmotic virial coefficient, and Rg is the radius

of gyration. ∆Rθ is the Rayleigh ratio and corresponds to the macroscopic scattering

cross-section; dΣdΩ is used to express the scattering intensity in SANS and SAXS. K is the

contrast factor given by

K =
4π2

NAλ
4
0

(
nstandard

dn

dc

)2
(6.8)

It contains the Avogadro constant NA, the wavelength of the laser in vacuo λ0, the

refractive index of the standard (in this case toluene) nstandard, and the refractive index

increment of the polymer in the solvent dndc .

SLS data were corrected for the scattering from the solvent and normalized to abso-

lute intensities by comparison to a toluene standard.

Small-Angle Scattering Analysis. The form factor fits of the small-angle scattering

data were done using the SASET program.43 Instrumental resolution for SANS has been

taken into account according to ref [44]. The form factor is convoluted with a resolution

function R (q,σq), which depends on wavelength spread, finite collimation of the beam,

and detector resolution

P(q)smeared (q) =

∫
R(q,σq)P(q)dq (6.9)

We took into account the instrumental resolution for all points from each detector con-

figuration and merged the data only for final representation. This approach does not

involve truncation of the data in the region of overlapping q, which leads to a larger

number of available data points in the analysis.

Scattering for Gaussian and Generalized Gaussian Chains. The scattering of a Gaus-

sian chain with a radius of gyration Rg and a Flory exponent ν of 0.5 can be described

by the Debye equation45

P(q) =
2
(
exp

(
−q2R2g

)
− 1+ q2R2g

)(
q2R2g

)2 (6.10)
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In order to be able to describe the scattering from polymer chains where the Flory

exponent is deviating from ν = 0.5, the equation can be generalized to46

P(q) =
1

νU
1
2ν

γ(
1

2ν
,U) −

1

νU
1
ν

γ(
1

ν
,U) (6.11)

with U being defined as

U = (2ν+ 1)(2ν+ 2)
q2R2g

6
(6.12)

and γ(a, x) being the incomplete Gamma function

γ(a, x) =
∫x
0

ta−1 exp (−t)dt (6.13)

Scattering from Block Copolymer Micelles with Self-Avoiding Chains in the Corona.

The form factor of self-assembled block copolymers with excluded volume interaction

of the polymer chains was first treated by Pedersen.47–50 The macroscopic scattering

cross-section dΣ
dΩ

(q) of a solution of block copolymer micelles can be written as49

dΣ

dΩ
(q) = N

[
N2aggβ

2
coreA

2
core (q)

+Naggβ
2
coronaP

′
corona (q)

+ 2N2aggβcoreβcoronaAcore (q)Acorona (q)

+Nagg
(
Nagg − P

′
corona(0)

)
β2coronaA

2
corona (q)

]
(6.14)

where N is the number density of micelles, Nagg is the aggregation number of micelles,

βcore and βcorona are the total excess scattering length of the block forming the spherical

core and the corona, respectively. They are defined as

βcorona = Vm, coronaDPcorona∆ρcorona (6.15)

and

βcore = Vm, coreDPcore∆ρcore (6.16)

with Vm being the molecular volume of the respective monomer unit, DPcorona and

DPcore are the degree of polymerization of the corona and core block, respectively, and

∆ρ is the corresponding excess scattering length density.

Equation 6.14 consists of four different contributions: scattering from the spheri-

cal and homogeneous core A2core(q), scattering from the polymer chains in the corona
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P ′corona (q), the cross-term between core and corona Acore(q) ·Acorona(q), and the cross-

term between different chains A2corona(q). Acore(q) is the scattering amplitude of a ho-

mogeneous sphere51 with radius Rcore

Acore (q) = 3
sin (qRcore) − qRcore cos (qRcore)

(qRcore)
3

(6.17)

P ′corona (q) is the form factor of a chain in the corona. It contains the self-correlation of

the chain Pexv(q) as well as the interaction between the chains, which is expressed by

the interaction parameter ν49,52

P ′corona (q) =
Pexv(q)

1+ νPexv(q)
(6.18)

where Pexv(q) is the form factor of a semi flexible self-avoiding chain, which is char-

acterized by a radius of gyration of the polymer chains in the corona Rg,corona. This

form factor was first derived by Pedersen and Schurtenberger53 and later corrected54.

In experiments, ν typically adopts values between 0 and 8 and is related to the osmotic

compressibility κ by49,52,55

κ = 1+ ν (6.19)

Acorona (q) is given by

Acorona (q) =

∫
ρcorona(r)r

2 sin (qr)
qr dr∫

ρcorona(r)r2dr
(6.20)

with ρcorona(r) as the scattering length density profile in the corona. In this work, we

use a Gaussian profile, which is defined as

ρcorona(r) =


0 for r < Rcore

1 for r = Rcore

exp
(
−(r−Rcore)

2

2s2

)
for r > Rcore

(6.21)

with s controlling the thickness of the corona.

In order to take into account the size distribution of micelles, we assumed a log-

normal distribution of the aggregation number Nagg

p
(
Nagg

)
=

1

H
√
2πNagg

exp

(
− log

(
Nagg −M

)2
2H2

)
(6.22)

where H and M define the distribution and are connected to the mean aggregation

number Nagg and standard deviation σNagg
by

Nagg = exp
(
M+

H2

2

)
(6.23)
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σNagg
=
√

exp (H2 + 2M) (exp (H2) − 1) (6.24)

The macroscopic scattering cross-section is therefore

dΣ

dΩpolydisperse
(q) =

∫
dΣ

dΩ
(q)p(Nagg)dNagg (6.25)

Isothermal Titration Calorimetry. Isothermal titration calorimetry (ITC) measure-

ments were performed using a VP-ITC from Malvern Instruments. Typically, the cell

contained 1.4mL of polymer solution, and the injection volumes were increased con-

tinuously during the titration ranging from 3µL to 16µL with a time span of 300 s in

between the injections. In order to avoid the “first injection anomaly”, a short down

motion of the plunger was performed prior to insertion of the syringe into the active

chamber.56 The range of values of the M2+/polymer ratios was extended by perform-

ing several titrations with changing concentration of earth alkaline metal cations.57 The

baseline correction and integration were performed using NITPITC.58 We did not cor-

rect the signals for the heat of dilution of the polyelectrolyte and the metal cations

because those contributions were considerably smaller than the heat of binding. The

data were, if possible, fitted using the model of a single set of identical sites or two

sets of independent sites. The details of the models are described in the Supporting

Information.

6.3 Results and Discussion

Solution Behavior. We showed previously that aqueous solutions of PA-b-PSS block

copolymers form spherical block copolymer micelles in the presence of Ca2+. Because

Ca2+ shows a specific interaction with PA but not with PSS, Ca2+ complexes the PA

block and forms the core of the micelles, while PSS forms the corona. Furthermore, we

demonstrated that micelle formation can be triggered for a sample in the single chain

state by an increase of temperature because of the entropic nature of Ca2+ binding to

PA.20

The main focus of this work is to clarify if similar micelles can be found for the two

other earth alkaline cations Sr2+ and Ba2+ and in particular how temperature changes af-

fect the binding of the multivalent cations to the block copolyelectrolyte. For the present

work we choose a polymer with a long PA block and a relatively short PSS block. In

order to exploit the full potential of SANS we use a block copolymer which contains a

deuterated PA block. Deuteration allows us to match different parts of the polymer in
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Table 6.1: Overview of Polymer Composition, Weight-Averaged Molecular Weight
Mw, and Hydrodynamic Radius Rh Determined from NMR and SLS and DLS in
100mmol L−1 NaCl and in the Absence of M2+

Sample PA:PSS /mol%a Mw /kgmol
−1b Rh /nm

c

h3-PA1190PSS70 94:6 160± 2 13.8± 0.6
d3-PA1190PSS70 94:6 181± 3 13.6± 0.5

a Obtained by NMR. b Obtained by SLS. c Obtained by DLS.
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Figure 6.1: (A) Chemical structure of the block copolymers. (B) Simplified diagram of
micelle formation with d3-PA1190 PSS70/h3-PA1190 PSS70 in the presence of Ca2+, Sr2+,
and Ba2+. The points indicate the compositions, where temperature-dependent SANS
and light scattering experiments were performed. An extended version of the phase
diagram can be found in the Supporting Information.

neutron scattering by using mixtures of light and heavy water as a solvent.59 The corre-

sponding polymer is denoted as d3-PA1190PSS70. In addition, we use an identical block

copolymer with fully hydrogenated blocks, denoted as h3-PA1190PSS70. Figure 6.1A

shows the chemical structure of the block copolymers, and Table 6.1 summarizes the

molecular weights and hydrodynamic radii from DLS/SLS as well as the ratio between

PA and PSS of the block copolymers determined by NMR. Details of the characterization

can be found in ref [20] and in the Supporting Information.

Figure 6.1B illustrates the solution behavior of h3-PA1190 PSS70/d3-PA1190 PSS70 in

the presence of Ca2+, Sr2+, and Ba2+ at room temperature. The boundaries for micelle

formation with h3-PA1190 PSS70 and d3-PA1190 PSS70 are identical within the experimen-

tal accuracy. The block copolymer shows a solution behavior, which is similar to the

one observed for PA homopolymers described by eq 6.1. This means that with increas-

ing polymer concentration, the amount of M2+ required to induce a phase transition

increases. However, instead of precipitation as found for PA homopolymers,25,27,60 the

formation of stable micelles takes place in the case of block copolyelectrolytes.
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Figure 6.2: SAXS profiles of h3-PA1190PSS70 (c = 1 g L−1) in the presence of different
concentrations of Ca2+ (A), Sr2+ (B), and Ba2+ (C). The solid lines represent fits to the
model of the generalized Gaussian chain46 or a spherical polydisperse block copolymer
micelle.47,49 Table 6.11 summarizes the results of the fits.

In order to facilitate meaningful scattering experiments and suppress potential inter-

particular interferences by electrostatic screening, all experiments were performed in the

presence of additional NaCl as an inert salt. Addition of NaCl was limited to accomplish

an overall level of cationic charges of 0.1M = 2[M2+] + [Na+]. Variation of this level

would have generated one further parameter to control the interactions24,60 but was not

applied in the present work to keep the complexity as low as possible.

In order to investigate the structure of the micelles in the presence of Ca2+, Sr2+,

and Ba2+ we performed SAXS experiments of h3-PA1190PSS70 in the micelle regime in

the presence of the three cations. Figure 6.2 shows the corresponding SAXS profiles

of a sample in the single chain region and in the micelle region for all three cations,

respectively.

The curve with the lowest concentration of M2+ shows a slope close to −2 at high q.

Upon increase of the M2+ concentration, a dramatic increase of the forward scattering is

observed together with the formation of well-defined minima in the scattering curves.

This shows that block copolymer micelles are formed in the presence of all three cations.

The curves in the single-chain region can be well described by the model of a gen-

eralized Gaussian chain46 with Table 6.2 summarizing the fit parameters. The resulting

radii of gyration Rg,free range between 6.3nm and 8.2nm. Moreover, we find Flory ex-

ponents ν between 0.4 and 0.5, which is close to the value of polymers in a θ solvent. We

do not observe a structure factor, which implies that the charges of the polyelectrolytes

are highly screened because of the large amount of salt present in solution.

We used the previously suggested model of spherical block copolymer mi-

celles,20,47,49 consisting of a PA core complexed by the multivalent cation M2+ and PSS

chains in the corona to describe the data of the samples in the micelle region. This
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Table 6.2: Structural Parameters from the Form Factor Fits of the SAXS Data Shown in
Figure 6.2a

Ca2+ Sr2+ Ba2+

c(M2+)/ mM 6 8 5.5 7.5 5 10

φmicelles 0.0 0.79 0.0 0.73 0.0 1.0
Rg,free/nm 8.2 5.2 6.3 6.2 6.7 —
ν 0.49 0.36 0.44 0.53 0.38 —
Rcore/nm — 22.8 — 25.6 — 21.6
σRcore
Rcore

— 0.109 — 0.104 — 0.113

Rg,corona/nm — 0.7 — 2.3 — 1.0
fsolvent — 0.83 — 0.60 — 0.90

a An extended version including errors of the fitting parameters can be found in the
Supporting Information. Fits at the lower c(M2+) were carried out with the model of

generalized Gaussian chains46 and fits at the higher c(M2+) with the model of a
spherical block copolymer micelle20,47,49 or a mixture of block copolymers and free

generalized Gaussian chains.

model has been shown to describe the situation for Ca2+ and is expected to be similar

for all three cations as the binding to PA is similar and the PA block is considerably

longer than the PSS block. The fit parameters are summarized in Table 6.2. The scat-

tering curves for the micelles formed in the presence of all three cations can be well

described by the suggested model. The micelles have similar dimensions, consisting of

a relatively large core formed of PA/M2+ with a radius Rcore between 21.6 and 25.6nm.

The corona is formed by PSS and is rather thin with a radius of gyration of the poly-

mers in the corona Rg, corona between 0.7 and 2.3nm. The overall micelles are rather

monodisperse with polydispersities σRcore
Rcore

close to 10%. By fitting the scattering data

in absolute intensities, knowing the polymer concentration, scattering length densities,

and block lengths, it turned out that the micelle cores contain a large volume fraction

fsolvent of water. fsolvent is defined as

fsolvent = 1−

(
Vm, monomer unit + 0.5Vm, M2+

)
DPcoreNagg

4
3πR

3
core

(6.26)

where Vm, monomer unit is the molecular volume of one monomer unit of the core form-

ing block, in this case PA, and Vm, M2+ is the molecular volume of the corresponding

divalent cation, DPcore is the degree of polymerization of the core block, and Nagg is

the aggregation number. The high volume fractions of water found for the core of the

micelles are in agreement with our previous contrast-variation study of PA-b-PSS in the

presence of Ca2+.20
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For the micelles in the presence of Ca2+ and Sr2+, we had to take into account a small

fraction of non-micellized polymer chains (φmicelles < 1.0).

Because Ba2+ also interacts with the PSS block, we also tried a model with Ba2+/PSS

in the core of the micelles and PA in the corona. The polymer concentration, knowl-

edge of block length, and the corresponding molar volumes of the blocks allowed us to

heavily constrain the fit. This model was not able to describe the data sufficiently well

and furthermore gave unreasonable values for the parameter s controlling the corona

thickness and the radius of gyration of the polymers in the corona Rg,corona. The best fit

is shown in Figure 6.17 of the supporting information.

In short, we find spherical micelles with similar dimensions for Ca2+, Sr2+ and Ba2+.

The core of the micelles is formed by PA/M2+ together with a high volume fraction of

water. The corona of the micelles is formed by PSS. PA is complexed by the bivalent

earth alkaline cation, and therefore, a microphase separation of the M2+/PA blocks is

taking place. The complex forms the core of the micelle and is highly swollen with wa-

ter, typical for liquid-liquid phase transitions.20,32 PSS forms the corona of the micelles

and stabilizes the aggregates by charge repulsion.

Temperature Effect on the Solution Behavior. In order to study the effect of tem-

perature on the self-assembly of the block copolymer in the presence of earth alkaline

cations, we choose points in the phase diagram which are close to the single chain

to micelle transition indicated as dots in Figure 6.1B. Because we also performed SANS

measurements on those samples, we used the block copolymer d3-PA1190PSS70. At room

temperature, all of these samples are considered to be in the single-chain state. We per-

formed temperature-dependent DLS and SLS on these samples. Figure 6.3 shows the

hydrodynamic radii Rh and the apparent molecular weight Mw,app obtained from the

temperature-dependent light scattering measurements.

Figure 6.3A shows the results for the block copolyelectrolyte in the presence of Ca2+.

The hydrodynamic radius at low temperatures (6 ◦C to 25 ◦C) is close to 8nm, which

we attribute to the presence of single chains of block copolymers in solution. Above

25 ◦C Rh increases to around 30nm. Similarly, the apparent molecular weight Mw,app

increases from 4× 105 gmol−1 to 6× 107 gmol−1. We attribute this strong increase to

the formation of block copolymer micelles. It has been shown previously for PA ho-

mopolymers that an increase in temperature can be used to promote binding of Ca2+

to the polyelectrolyte chain.26 This results in a chain collapse and eventually in ag-

gregation and precipitation of the polymer. As demonstrated in our previous work,20
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Figure 6.3: Hydrodynamic radius Rh and apparent molecular weight Mw,app of
d3-PA1190PSS70 in the presence of Ca2+ (A), Sr2+ (B) and Ba2+ (C) as a function of tem-
perature. The lines are guide to the eyes. The polymer concentration is 4 g L−1. The
concentration of M2+ is 19.5mmol L−1 (Ca2+), 16.75mmol L−1 (Sr2+), 15.5mmol L−1

(Ba2+). The solvent is composed of 25.2% D2O.

stronger binding of Ca2+ to the PA block leads to microphase separation because of the

same temperature-promoted binding of Ca2+ to PA. A detailed analysis of the struc-

ture using small-angle neutron scattering confirming this feature is presented later. We

performed temperature cycles with the same sample several times and found that the

temperature-induced single-chain to micelle transition was reversible and highly repro-

ducible.20

Figure 6.3B shows Rh and Mw,app as a function of temperature for the PA-b-PSS

block copolymer in the presence of Sr2+. Again, a hydrodynamic radius of around

8nm and an apparent molecular weight of 4× 105 gmol−1 indicate the presence of

single chains in solution at room temperature. Upon increase of the temperature above

40 ◦C a strong increase of Rh as well as Mw,app occurs similar to the increase observed

with Ca2+ cations. However, at temperatures below 20 ◦C, Rh and Mw,app also increase.

From this, we conclude that block copolymer micelles are formed at high as well as low

temperatures with an intermediate region, where the polymers are present as single

chains. A previous work already showed that an increase of temperature promotes the

binding of Ca2+ and Sr2+ to PA because of the entropic nature of the complexation.26

However, lowering the temperatures did not show a chain collapse or aggregation of

PA homopolymers. Even though PSS does not show a precipitation threshold with Sr2+

at room temperature, we hypothesize that the PSS block plays an important role in the

formation of the micelles at low temperatures. In order to shed light onto the binding

situation we will use SANS and ITC experiments.

Figure 6.3C shows the results for the block copolymer in the presence of Ba2+. In

contrast to the samples with Ca2+, there is an increase in Rh and Mw,app at low temper-
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Figure 6.4: Isothermal titration curve of PA in the presence of Ca2+ (A), Sr2+ (B), and
Ba2+ (C). The curves show the heat of binding per injection as a function of the M2+/PA
ratio. We performed several titrations with varying concentrations of M2+ to cover a
large range of M2+/PA. The solid lines are global fits with the model of a single set of
identical binding sites. Details can be found in the Supporting Information. Table 6.3
summarizes the results.

atures comparable to the sample with Sr2+. Both quantities show a value close to the

typical value of single chains at 25 ◦C. From this, we conclude that micelles are formed

at low temperatures, while at temperatures in the regime of 20 ◦C < T < 40 ◦C, the

sample contains single chains.

Figure 6.21 in the Supporting Information shows the hydrodynamic radius Rh of

d3-PA1190PSS70 in the presence of Sr2+ during several heating and cooling cycles between

10 ◦C, 25 ◦C and 65 ◦C. Micelles are formed at low temperatures, return to single chains

at room temperature, and reform at high temperatures. This demonstrates that the

samples are in thermodynamic equilibrium and the temperature effect on the solution

behavior is fully reversible.

Thermodynamics of Cation Binding and Micelle Formation. In order to gain further

insights into the origin of the described temperature behavior, we used ITC to link the

information we obtained from temperature-dependent light scattering with thermody-

namic quantities. ITC allows us to measure the consumed or released heat upon addi-

tion of M2+ to a solution of the polyelectrolyte for a given temperature. The measured

heat can be attributed to the binding of the metal cation to the anionic moiety.

There are several driving forces for the binding of multivalent cations and micelle

formation which have to be taken into account. The binding of multivalent cations

to the anionic moiety results in a gain in entropy because two Na+ are replaced by one

M2+. A release of water molecules from hydration shells also results in a gain of entropy.

Equally important, the enthalpy of binding has to be taken into account.
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In order to compare the contributions from the PA and PSS blocks, we performed

ITC experiments on PA and PSS homopolymers in the presence of the three earth al-

kaline metal cations. Figure 6.4 shows the titration curves of PA with the three investi-

gated earth alkaline metal cations at 25.0 ◦C. The heat of binding ∆Q is positive for all

cations and follows a sigmoidal curve. This indicates that the binding of M2+ to PA is

an endothermic process. We performed several titrations with varying concentrations

of M2+ in the syringe to access a larger range of M2+/PA. The data can be described by

the model of a single set of identical binding sites, which is described in detail in the

Supporting Information. All titrations for a given combination of M2+ were analyzed

globally using the same fitting parameters. Table 6.3 summarizes the results of the data

analysis.

From the fits, we obtain the enthalpy of binding ∆H, entropy of binding ∆S, binding

constant K, and the binding stoichiometry n. We find a positive binding enthalpy for all

three cations demonstrating that the binding of M2+ to PA is driven by entropy for all

three metal cations. In a previous work28 on PA and Ca2+, this gain of entropy has been

attributed to the release of two sodium cations as well as several water molecules upon

binding. Compared to the previous work, we find slightly smaller binding enthalpies

which we attribute to the presence of NaCl in our experiments compared to pure water.

In fact, an increase in ionic strength in the solution leads to a decrease in ∆H for the

binding of multivalent cations to DNA.61 The binding enthalpy ∆H and along with it,

the entropy of binding ∆S decreases according to Ca2+ > Sr2+ > Ba2+. We attribute the

decrease of ∆S when going from Ca2+, Sr2+, and Ba2+ to a decreased amount of water

released from hydration shells upon binding.

Next, we performed titration experiments for a PSS homopolymer in the presence

of the three metal cations. Figure 6.5 shows the corresponding titration curves. For

Ca2+, the curves can be well described by the model of a single set of identical binding

sites with a positive binding enthalpy. Compared to Ca2+/PA the binding enthalpy ∆H,

entropy ∆S and the binding constant K are considerably smaller for Ca2+/PSS. Table

6.3 summarizes the results from the data analysis. The smaller binding constant K is in

agreement with the macroscopic observation that there is no phase separation for PSS

in the presence of Ca2+.

Figure 6.5B shows the titration curve of Sr2+/PSS. The curve differs considerably

from the one found for Ca2+/PSS. Clearly, there are two processes occurring upon ad-

dition of Sr2+ to PSS: first, a binding process with a positive ∆H is taking place at low

Sr2+/PSS ratios. This is followed by a second process which has a negative ∆H contri-
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Figure 6.5: Isothermal titration curve of PSS in the presence of Ca2+ (A), Sr2+ (B) and
Ba2+ (C). The curves show the heat of binding per injection as a function of the M2+/PA
ratio. We performed several titrations for Ca2+ with varying concentrations of the poly-
mer to cover a large range of Ca2+/PSS. The solid lines are global fits with the model of
a single set of identical binding sites (A) and two sets of independent sites (B). Details
can be found in the Supporting Information. Table 6.3 summarizes the results of the
data analysis

bution. Similarly, we find a two-step binding process for the titration of Ba2+ to PSS,

where again the first binding process has a positive ∆H contribution and the second

process has a negative one.

A previous work29 already revealed this two-step process for the Ba2+/PSS system.

In a first step, two Na+ cations are replaced per Ba2+ entering the polyelectrolyte do-

mains, which results in a gain of entropy ∆S and a positive ∆H contribution. At higher

M2+/PSS ratios, the actual binding of the metal cation to the polyelectrolyte chain takes

place as a second step with a negative ∆H term. From a qualitative comparison of the

two curves in Figure 6.5B , C it is obvious that this second contribution is weaker for

Sr2+ than for Ba2+. This is in agreement with the macroscopic phase behavior. Whereas

the system Sr2+/PSS shows no precipitation threshold at 25 ◦C, Ba2+/PSS does show

one. We tried to fit the data with the model of two independent binding sites, which

was successful for Sr2+. However, for Ba2+, using this model was not successful, which

we mostly attribute to the smaller accessible M2+/PSS range compared to Sr2+ due to

the precipitation of Ba2+/PSS from solution at the end of the titration. This makes the

data at high Ba2+/PSS ratios unusable. The result of the fit for Sr2+/PSS is summarized

in Table 6.3. The obtained values confirm that two successive binding processes (I and

II), one with positive ∆H (I) and one with negative ∆H (II), occur. The same two suc-

cessive binding processes occur with alkaline earth cations and PA. They are however

more difficult to be discerned as both processes are endothermic.

After elucidating the effect of earth alkaline metal cations on the PA and PSS ho-

mopolymers, we performed ITC measurements on the h3-PA1190PSS70 block copolymer
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Figure 6.6: Isothermal titration curve of h3-PA1190PSS70 in the presence of Ca2+ (A), Sr2+

(B) and Ba2+ (C) at 6 ◦C, 25 ◦C, and 65 ◦C. The curves show the heat of binding per
injection as a function of the M2+/monomer unit ratio. Vertical arrows denote micelle
formation with PA cores and inclined arrows indicate M2+ binding to PSS.

system. As the length of the PA block is much longer than the length of the PSS block,

we expect the ITC experiments to be dominated by the binding of M2+ to the PA block.

Figure 6.6A shows the titration curves with Ca2+ at 6 ◦C, 25 ◦C, and 65 ◦C. The titration

curves are composed of two parts: the first part, which shows that heat is consumed

upon addition of M2+, resembles the binding curves observed for M2+ to PA. The second

part consists of a peak at higher M2+/polymer ratios. The peak at 25 ◦C corresponds

to the sample composition, where micellization was observed (Figure 6.1B), which is

also an endothermic process and hence driven by entropy. We marked the micellization

peaks for all curves with a vertical arrow.

When decreasing the temperature the heat consumed upon addition of Ca2+ de-

creases, in agreement with the entropy-driven binding of Ca2+ to PA. A decrease in

temperature reduces the term T∆S and consequently, ∆H becomes smaller in order to

get similar values for the free energy ∆G. Furthermore, when the temperature is low-

ered, the height of the micellization peak decreases. At 6 ◦C, the peak nearly disappears.

Figure 6.6B shows titration curves with Sr2+ at 6 ◦C, 25 ◦C, and 65 ◦C. Similar to

Ca2+, the first part of the titration curve shows positive values for ∆Q and resembles the

binding of Sr2+ to PA. At higher Sr2+/polymer ratios we again observe a micellization

peak. The same positive peak appears at 65 ◦C and disappears at 25 ◦C as observed in

the case of Ca2+. However, the titrations at 6 ◦Cwith Sr2+ revealed a noticeable difference

from the respective results observed in the presence of Ca2+ as a small negative peak

occurs at high Sr2+/polymer ratios. The ITC experiments carried out with the PSS

homopolymer and Sr2+ suggest that the negative peak at 6 ◦C might arise from the

second binding process of Sr2+ to PSS which has a negative sign. Because the PSS

block is considerably shorter than the PA block, the signal arising from binding of Sr2+
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is expected to be weak resulting in a very small contribution, which becomes more

pronounced at low temperatures.

Figure 6.6C shows titration curves with Ba2+ at 6 ◦C, 25 ◦C, and 65 ◦C. Again, we

find a decrease of the initial values of ∆Q with decreasing temperature. Similar to

Sr2+, we find a positive peak at high temperatures and a negative peak at low tempera-

tures. Applying the same argument used already for Sr2+, we could expect the negative

contribution arising from the second binding step of Ba2+ to PSS.

A quantitative comparison of the titration curves of the block copolyelectrolytes

with those of the respective homopolymers shown in Figure 6.5B, 6.5C also explains

why the negative peak of the second process in the case of Ba2+/PSS binding has a

more negative ∆H term than the negative peak of the Sr2+/PSS binding. Moreover, the

binding enthalpy of Ba2+/PA during the initial period of titration is smaller than the

one for Sr2+/PA.

We believe that a subtle balance of all these individual contributions results in the

observed temperature behavior. We conclude that binding of Sr2+ and Ba2+ to the PSS

block promotes the formation of micelles at low temperatures with PSS in the core

because it makes the PSS block more hydrophobic, while the PA block becomes more

hydrophilic.

Invertible Micelles as Seen by SANS In order to get a more detailed insight into the

structures of the micelles, we performed temperature-dependent SANS for the three

samples discussed in Figure 6.3. The use of a deuterated PA block allowed us to match

out the scattering from the PSS block. Accordingly, use of a mixture of 74.8% light and

25.2% heavy water as solvent results in a scattering contrast, where the scattering from

d3-PA is dominating, while the scattering from PSS is very weak. This facilitates the

investigation of the micellar structure because the scattering patterns make it easy to

distinguish between a model of PA forming the core or the corona. Figure 6.7 shows the

SANS profiles for d3-PA1190PSS70 in the presence of Ca2+ (A), Sr2+ (B), and Ba2+ (C) at

distinct temperatures. For all samples, we choose 8 ◦C and 65 ◦C as temperatures. For

the sample with Sr2+, we additionally performed a SANS measurement at 25 ◦C.

The blue curve in Figure 6.7A shows the SANS profile of d3-PA1190PSS70 in the

presence of Ca2+ at 8 ◦C. The curve shows a slope close to −2 at high q and has no

distinct oscillations. The curve can be well described by the form factor of a generalized

Gaussian chain46 with a radius of gyration Rg,free of 6.9nm and a Flory exponent ν of

0.4. Table 6.4 summarizes the hydrodynamic radius from DLS and the Rg,free and ν
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Figure 6.7: SANS profiles of d3-PA1190PSS70 in the presence of Ca2+, Sr2+, and Ba2+

at 8 ◦C (blue), 25 ◦C (black) and 65 ◦C (red). The solvent is composed of 25.2% D2O.
The samples are identical to the ones in Figure 6.3. The solid lines represent fits to
the model of a generalized Gaussian chain46 or block copolymer micelles.47,49 Table 6.4
summarizes the resulting fit parameters.

obtained from the form factor analysis of the SANS data. Hence, the block copolymers

exist as single chains in solution at low temperatures in the presence of Ca2+.

The red curve in Figure 6.7A shows the SANS profile at 65 ◦C. Compared to the

curve at low temperatures, the forward scattering is higher and there is a characteristic

oscillation at around q = 0.22nm−1. At high q, we find a slope considerably steeper,

indicating a compact morphology of the PA chains at high temperatures. From the

Guinier analysis at low momentum transfer q, we obtain a radius of gyration of 16.7nm.

Based on this and the previous results,20 we used the model of a polydisperse block

copolymer micelle to describe the data.47,49 This model assumes that PA complexed by

Ca2+ forms the core of the micelle, while the corona is formed by PSS. In order to get

reliable results for the aggregation number and the structure, we heavily constrained the

fit using the known block ratio, molar volumes, polymer concentration, and scattering

length densities.20 Details can be found in the Supporting Information. The red solid

line in Figure 6.7A shows the best fit with this model. Table 6.4 summarizes the fit

parameters. We obtain an aggregation number of 145 together with a core radius of

17.6nm. Moreover, we find a radius of gyration for the PSS blocks in the corona of

1.0± 1.0nm, which is close to the value we found in a previous study using the same

polymer.20 Recovery of this finite size for the value of Rg,corona can be attributed to the

fact that there is a slight mismatch of the scattering length density of the solvent. One

also should keep in mind the large error bar of this parameter, which indeed shows that

the scattering from the corona is very weak. In a previous work,20 we investigated the

micelle structure deep in the micelle regime in the presence of Ca2+ at 25 ◦C. Compared

to this previous work, the micelles formed with Ca2+ at 65 ◦C (Figure 6.7A) contain

a slightly lower amount of water. We attribute this lower water content to a larger
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amount of released water molecules from PA/Ca2+. This is in agreement with the ITC

measurements, which showed that the binding is driven by entropy which mainly arises

from the release of water molecules, getting more pronounced at high temperatures.

Table 6.4: Structural Parameters from the Form Factor Fits of the SANS Data Shown in
Figure 6.7 for d3-PAA1190PSS70 in a Solvent Containing 25.2% D2Oa

Ca2+ Sr2+ Ba2+

Temperature 8 ◦C 65 ◦C 8 ◦C 25 ◦C 65 ◦C 8 ◦C 65 ◦C

Rh
b 8.0 30.7 30.5 7.2 31.5 29.8 6.6

Rg
c 6.3 16.7 21.6 6.5 19.8 20.7 4.7

Rg,free 6.9 — — 6.7 — — 5.0
ν 0.40 — — 0.37 — — 0.26
Micelle core — PA/Ca2+ PSS/Sr2+ — PA/Sr2+ PSS/Ba2+ —
Nagg — 145 38 — 81 36 —
Rcore — 17.6 7.0 — 18.3 5.6 —
σRcore
Rcore

— 0.19 0.10 — 0.17 0.02 —
Rg,corona — 1.0 9.8 — 1.2 8.0 —
fsolvent — 0.650 0.669 — 0.705 0.707 —
a An extended version including error estimates can be found in the Supporting

Information. b Obtained from DLS. c Obtained from Guinier analysis of the SANS data.

Figure 6.7B shows SANS profiles of d3-PAA1190PSS70 in the presence of Sr2+ at a

temperature of 8 ◦C, 25 ◦C, and 65 ◦C. The black curve shows the sample at 25 ◦C. The

profile looks similar to the blue curve in Figure 6.7A recorded at 8 ◦C. From the Guinier

analysis, we obtain a Rg of 6.5nm. The scattering curve can be well described by the

model of a generalized Gaussian chain with a radius of gyration of 6.7nm and a ν of

0.40. This nicely agrees with the results from temperature-dependent light scattering,

where the sample at 25 ◦C was found to be in the single-chain region. Upon increase of

the temperature to 65 ◦C, the scattering curve shows an increase of forward scattering.

Moreover, a characteristic form factor oscillation becomes visible. We find a similar

value of Rg as for the Ca2+ sample at 65 ◦C. From this, we conclude that micelles

are formed. We employ the same model as used for the Ca2+ sample to describe the

scattering curve. The resulting aggregation number of 81 is close to the value estimated

from static light scattering. In addition, a core radius of 18.3nm and a value of Rg,corona

of 1.2nm is obtained from the analysis. Similarly as for Ca2+, the core is highly swollen

by water. A micelle containing a PA/Sr2+ core is in agreement with the results from ITC

because high temperatures promote the entropy-driven binding of Sr2+ to COO– of the

acrylate groups.
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The blue curve in Figure 6.7B shows the sample at a temperature of 8 ◦C. Again, the

forward scattering increases quite dramatically with respect to the single-chain state at

25 ◦C. However, the high q part of the scattering curves is nearly identical with the

one of the single chains. This indicates that the conformation of the PA chains barely

changes. Based on this observation and the results obtained from ITC, we tried to fit

the data with two hypothetical models: one, which assumes that PA complexed by Sr2+

forms the core of the micelle and PSS the corona and a second one with PSS/Sr2+ in

the core and PA in the corona. The fit was heavily constrained by knowing the molar

volumes of the corresponding blocks, scattering length densities and the used polymer

concentration. The model assuming a core of PSS/Sr2+ yielded considerably lower

values of χ2 than the one assuming PA/Sr2+ to be in the core. The solid blue line in

Figure 6.7B therefore shows the model based on PSS/Sr2+ cores, whereas Figure 6.20 in

the Supporting Information shows the best fit obtained with PA/Sr2+ in the core. Table

6.4 summarizes the fitting parameters. The micelles are formed by a rather small core

of 7.0nm formed by PSS/Sr2+ and a considerable amount of water. The PA corona is

rather large with Rg,corona of 9.8nm, which agrees with the fact that the PA block is

rather long. The resulting overall dimension of the micelles is in good agreement with

the hydrodynamic radius measured by DLS.

Figure 6.7C shows SANS profiles of the polymer sample in the presence of Ba2+ at

8 ◦C and 65 ◦C. The sample at the high temperature can be well described by a gen-

eralized Gaussian46 chain with a radius of gyration of 5.0nm and ν of 0.26. This is

in agreement with the result from DLS and SLS, from which we already expected the

polymer to be present as a single chain. In contrast, the curve at 8 ◦C has a considerably

larger forward scattering and shows a well-defined oscillation at q = 0.19nm−1. Sim-

ilarly as for the micelles formed at low temperatures in the presence of Sr2+, there are

two hypothetical models: PSS/Ba2+ or PA/Ba2+ forming the core of the micelle. Again,

the model with a core formed by PSS/Ba2+ describes the data considerably better and

is shown as a solid blue line in Figure 6.7C. The alternative model of a PA/Ba2+ core

poorly describes the data and is shown in Figure 6.20 in the Supporting Information.

The obtained micelle dimensions are similar to those of the sample in the presence of

Sr2+ at low temperatures. The PSS/Ba2+ core is rather small with a radius of 5.6nm,

whereas the PA corona is rather thick with Rg,corona of 8.0nm.

We were surprised to not observe micelle formation in the presence of Ba2+ at high

temperatures as the binding of Ba2+ to PA is also entropically driven. Therefore, an-

other sample was prepared, this time even closer to the phase boundary. Figure 6.22
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Figure 6.8: Illustration of the temperature induced micellization of PA-b-PSS in the
presence of Ca2+, Sr2+, and Ba2+.

shows the temperature-dependent light scattering results of this sample. Similarly as

before, micelle formation can be observed at low temperatures but this time also at high

temperatures with an intermediate regime of single chains. However, the aggregation

numbers and hydrodynamic radius for the micelles at high temperatures are consider-

ably smaller as for Sr2+ and Ca2+. We attribute this to the considerably smaller entropy

of binding ∆S for the combination PA/Ba2+, making it harder to trigger the micellization

by an increase of the temperature.

We performed similar SANS experiments with the completely hydrogenated poly-

mer h3-PA1190PSS70 in D2O, which yielded identical temperature behaviors. However,

the SANS data on this fully hydrogenated polymer, in particular of the samples with

Sr2+ and Ba2+ at low temperatures, yield similar χ2 for the model with the PSS/M2+ and

the PA/M2+ core. Thus, deuteration of one block is required to be able to differentiate

between PA/M2+ and PSS/M2+ in the core of the micelles.

To sum up, we found two different-temperature dependent trends of PA1190PSS70 in

the presence of earth alkaline cations. For all three cations, micelle formation can be

triggered by increasing the temperature, arising from the strong endothermic binding

to the PA block. Consequently, the micelles contain a core formed by PA/M2+ and a

corona formed by PSS. In contrast, micelle formation at low temperatures can only be

observed for Sr2+ and Ba2+. This micelle formation at low temperatures arises from the

exothermic binding of M2+ to PSS and consequently leads to a micelle core formed by

PSS/M2+ and a corona formed by PA. As a result it is possible to generate an invertible

micellar system with Sr2+ and Ba2+, which allows to change the core-forming block by

a change in temperature.
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6.4 Conclusions

Polyelectrolytes exhibit ion-specific interactions with a large variety of metal cations.

This ion specificity depends on the nature of the polyelectrolytes. Ca2+, Sr2+, and Ba2+

as a representative set of bivalent alkaline earth cations interact specifically with the

negative residues of PAs.25–27 The interaction is endothermic in nature due to the lib-

eration of water molecules from solvation shells of the ionic residues.28,29 Accordingly,

addition of those cations to solutions of PA triggers separation of a polymer phase once

a threshold of cation concentration is surpassed. An increase of temperature further

promotes this phase separation. Unlike to PA, PSS only interacts specifically with Sr2+

and Ba2+ and the interaction is exothermic in nature.29–31 Now, the addition of Sr2+ and

Ba2+, triggers phase separation with PSS which is further promoted by a decrease in

temperature.

The present work makes use of these characteristic and differing interaction patterns

in order to present a new route to micelle formation and its inversion by changing

the temperature. The new route has been accomplished by combining the different

patterns in a PA-b-PSS block copolyelectrolyte. As it turned out, the phase separation

characteristic to the homo-polyelectrolyte is confined to the respective micellar cores.

The starting point is always a solution of the block copolyelectrolytes in their single coil

state at a distinct concentration of alkaline earth cations low enough to not yet reach the

threshold concentration but large enough to enable induction of micelle formation by a

suitable change in temperature.

In the presence of Ca2+, micelles are only formed via a temperature increase as this

induces neutralization of the PA blocks by the specific bonding of Ca2+ to the COO–

residues.20 The PA blocks form the core of the micelles, surrounded by stabilizing PSS

blocks. With Sr2+ and Ba2+, the same types of micelles are generated by an increase

of temperature. These micelles are also re-dissolved by decreasing the temperature,

whereby the state of single coils is reached again. However, a further decrease in tem-

perature generates a new type of micelle, now with PSS blocks in the core being neutral-

ized by either Sr2+ or Ba2+ cations respectively and solubilized by dangling PA blocks.

This establishes a complete inversion of micelles by a variation of temperature (Figure

6.8). The process of micellar inversion could be unambiguously resolved by a combina-

tion of SANS with ITC. The morphological changes could be made visible by SANS on

a polymer sample with one block of the copolyelectrolyte being fully deuterated. ITC

reflected the heat changes accompanying the process of micellar inversion with micelle
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formation with PA/M2+ cores at high temperatures unambiguously related to an en-

dothermic metal cation binding process and micelle formation with PSS/M2+ cores at

low temperatures to an exothermic metal binding process.
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6.5 Supporting Information

6.5.1 Isothermal titration calorimetry

Figure 6.9 shows the result of a typical ITC experiment. Typically, the heat flow between

the reference and the sample cell are recorded as a function of time by the instrument.

The raw data are shown in Figure 6.9A The peaks arise from injections of titrant into

the analyte solution. The first step of the data analysis is the baseline correction. The

resulting data are shown in Figure 6.9B. The area under the peak can be integrated to

yield the heat of injection Q(i) of the respective given peak i. Each heat of injection

is consequently normalized by the injected volume of titrant, which yields the heat of

injection per mole of titrant shown in Figure 6.9C.

The cumulative heatQ for the model of a single set of identical binding sites is given

by62,63

Q =
nMt∆HV0

2

1+ Xt

nMt
+

1

nKMt
−

√(
1+

Xt

nMt
+

1

nKMt

)2
−
4Xt

nMt

 (6.27)

with n being the stochiometry of binding or number of sites, V0 the active cell vol-

ume, Mt the total macromolecule concentration, Xt the total titrant concentration, K the

binding constant and ∆H the enthalpy of binding.

Data evaluation of a titration experiments does not use the cumulative heat Q but

rather the difference between an injection i− 1 and i. Therefore the measured signal is

translated to ∆Q

∆Q(i) = Q(i) −Q(i− 1) (6.28)

Since in our experiment we use an overflow type of cell this expression has to be cor-

rected by a factor, which yields

∆Q(i) = Q(i) −Q(i− 1) +
∆Vi
V0

(
Q(i) +Q(i− 1)

2

)
(6.29)

with ∆Vi being the injection volume of the i-th injection. The factor arises from the

assumption that 50% of the displaced volume contributes to the heat effect.

The fitting procedure involves an initial guess of the parameters n, K and ∆H. Con-

sequently, ∆Q is calculated for the set of given Mt and Xt and compared to the mea-

sured data. The parameters n, K and ∆H are optimized using a Levenberg-Marquardt

algorithm.
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The cumulative heat for the model of two sets of independent sites is given by64

Q =MtV0(n1∆H
K1[X]

1+K1[X]
+n2∆H

K2[X]

1+K2[X]
) (6.30)

with the two binding stoichiometries n1 and n2, binding constants K1 and K2 and bind-

ing enthalpies ∆H1 and ∆H2. The concentration of free ligand [X] can be numerically

calculated by solving

[X]3 + p[X]2 + q[X] + r = 0 (6.31)

with

p =
1

K1
+
1

K2
+ (n1 +n2)Mt −Xt (6.32)

q = (
n1
K2

+
n2
K1

)Mt − (
1

K1
+
1

K2
)Xt +

1

K1K2
(6.33)

r =
−Xt
K1K2

(6.34)

Table 6.5 shows the used concentrations for the ITC experiments. cpolymer denotes the

polymer concentration in the sample cell and cM2+ the concentration of earth alkaline

cation in the syringe.

Table 6.5: Polymer and M2+ concentrations used for the ITC experiments. cpolymer de-
notes the polymer concentration in the titration cell, cM2+ denotes the concentration of
M2+ in the syringe.

Polymer M2+ cpolymer/g L
−1 cM2+mmolL−1

PA Ca2+ 0.243 25.5
PA Ca2+ 0.243 12.75
PA Ca2+ 0.200 0.875
PA Sr2+ 0.200 29.5
PA Sr2+ 0.200 6.0
PA Ba2+ 0.200 25.0
PA Ba2+ 0.2 12.0
PA Ba2+ 0.2 6.0
PSS Ca2+ 2.0 50.0
PSS Ca2+ 1.0 50.0
PSS Ca2+ 0.1 50.0
PSS Sr2+ 2.0 200.0
PSS Ba2+ 2.0 200.0
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C Heat of injection as a function of the ratio Ba2+ to PA concentration.

148



6.5.2 — Synthesis of PA, PSS and PSS-b-PA

6.5.2 Synthesis of PA, PSS and PSS-b-PA

In total four polymer samples were investigated in this work: a PA homopolymer, a PSS

homopolymer and two block copolymers. One block copolymer carried a completely

deuterated PA block (d3PA1190PSS70), whereas the other one was the corresponding

completely hydrogenated equivalent (h3PA1190PSS70). All polymers were synthesized

using the RAFT technique and the RAFT agent 2-(2-carboxyethylsulfanylthiocarbonyl-

sulfanyl)propionic acid.

Water was purified using a Milli-Q-system. Acrylic acid (Sigma

Aldrich, France, >99%), sodium styrene sulfonate (Sigma Aldrich, France),

4,4-azobis(4-cyanovaleric acid) (Sigma Aldrich, France, >98%), 2-(2-

carboxyethylsulfanylthiocarbonylsulfanyl)propionic acid (Sigma Aldrich, France) and

NaOH were used as received.

For the PA homopolymer 20 g of acrylic acid, 14.1mg of 2-(2-carboxyethylsulfanyl-

thiocarbonylsulfanyl)propionic acid and 3.9mg of 4,4-azobis(4-cyanovaleric acid) were

dissolved in 100mL of deionized water at room temperature. Next, the mixture was

degassed by flushing with argon for 30min. The polymerization was performed for

24h at 70 ◦C under argon atmosphere.

The PSS homopolymer was synthesized by dissolving 20 g of sodium styrene

sulfonate, 1.8mg of 4,4-azobis(4-cyanovaleric acid) and 16.5mg of 2-(2-carboxyethyl-

sulfanylthiocarbonylsulfanyl)propionic acid in 200mL deionized water. The mixture

was degassed with argon for 30min and polymerized for 10h at 70 ◦C under argon

atmosphere.

The synthesis of the two block copolymers h3PA1190PSS70 and d3PA1190PSS70 was

previously described in Reference [20].

After the reaction the product was allowed to cool to room temperature. For the PA

homopolymer and the PA-b-PSS block copolymer the pH of the solution was adjusted

to 9. Next, the product was dialyzed (regenerated cellulose, Spectra/Por 6 MWCO =

1 kDa) against a large excess of water for 3 days with an exchange of water every 12h.

Finally, the polymers were freeze dried.

Figure 6.10, 6.11, 6.12 and 6.13 show the results from static and dynamic light scat-

tering of the polymers in 100mmol L−1 NaCl at various concentrations. Table 6.6 sum-

marizes the results from the SLS and DLS data analysis.
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Figure 6.10: A Dynamic Zimm plot of h3-PA1190PSS70 in 100mmol L−1 NaCl. B Zimm
plot of h3-PA1190PSS70 in 100mmol L−1 NaCl.
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Figure 6.11: A Dynamic Zimm plot of d3-PA1190PSS70 in 100mmol L−1 NaCl. B Zimm
plot of d3-PA1190PSS70 in 100mmol L−1 NaCl.
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Figure 6.12: A Dynamic Zimm plot of PSS in 100mmol L−1 NaCl. B Zimm plot of PSS
in 100mmol L−1 NaCl.
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6.5.3 — Phase behavior of PA and PSS in the presence of earth alkaline metal cations

0 10 20 30
c(PAA)/mmolL 1

0

5

10

15

20

25

c(
M

2+
)/m

m
ol

L
1

A

2 Φ

1 Φ

Ca2 +

Sr2 +

Ba2 +

0 10 20 30
c(PSS)/mmolL 1

0

5

10

15

20

25

30

c(
M

2+
)/m

m
ol

L
1

B
2 Φ

1 Φ

Ba2 +

Figure 6.14: Phase diagram of PA (A) and PSS (B) in the presence of Ca2+, Sr2+ and Ba2+

in 100mmol L−1 NaCl at 25 ◦C.

6.5.3 Phase behavior of PA and PSS in the presence of earth alkaline metal

cations

The phase behavior of PA and PSS homopolymers in the presence of earth alkaline

metal cations was previously investigated.24,25,29 Figure 6.14 shows the phase diagrams

of PA and PSS in the presence of earth alkaline metal cations in 100mmol L−1 of NaCl

at 25 ◦C. 1Φ denotes the one phase regime, whereas 2Φ indicates the region where

phase separation takes place.

For PA the critical M2+ concentration [M2+]c where phase separation takes place

follows

[M2+]c = r0 +m[PE] (6.35)

where [PE] is the concentration of polyelectrolyte monomer unit, m the stochiometry

of binding and r0 the minimum amount of M2+ necessary to precipitate the polymer at

infinite dilution. Table 6.7 shows the values for r0 and m.

The phase behavior of PSS with earth alkaline cations shows no precipitation with

Ca2+ and Sr2+. For Ba2+ we find a horizontal phase boundary corresponding to a value

of m = 0 in equation 6.35.

6.5.4 Phase behavior of PA-b-PSS in the presence of earth alkaline cations

Figure 6.15 shows the phase diagrams of PA-b-PSS in 100mmol L−1 NaCl at 25 ◦C in

the presence of Ca2+, Sr2+ and Ba2+. In general, the phase diagram can be divided in

three parts: At low concentrations of M2+ the block copolymer is present as individual

chain in solution. Upon increase of the M2+ concentration block copolymer micelles
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6.5.5 — Molar volumes of PA and PSS as a function of temperature

Table 6.7: Details on the phase boundaries of PA and PSS in the presence of Ca2+, Sr2+

and Ba2+ in 100mmol L−1 NaCl. The phase diagrams are shown in Figure 6.14.

Polymer M2+ m r0
PA Ca2+ 0.424 2.995
PA Sr2+ 0.486 5.009
PA Ba2+ 0.346 2.056
PSS Ca2+ — —
PSS Sr2+ — —
PSS Ba2+ 0 20.0

are formed. Upon further increase of the M2+ concentration these micelles eventually

precipitate from solution. The precipitation shows a clear difference between Ca2+/Sr2+

and Ba2+. For Ca2+/Sr2+ this precipitation takes place at around 50mmol L−1 of M2+,

whereas for Ba2+ it already occurs at around 20mmol L−1. We attribute this to the spe-

cific interaction of Ba2+ with the PSS corona. For Ca2+ and Sr2+ the multivalent cations

simply screen the PSS chains in the corona and eventually lead to a destabilization of

the block copolymer micelle. However, for Ba2+ there is a specific interaction with the

corona and we observe a precipitation threshold which is identical to the one of the PSS

homopolymer with Ba2+.

6.5.5 Molar volumes of PA and PSS as a function of temperature

In order to be able to calculate the correct scattering length density of the polyelec-

trolyte blocks we performed temperature dependent density measurement. For this we

prepared PSS as well as PA solutions at various concentrations in H2O. The polymer

concentrations were ranging from 1 g L−1 to 20 g L−1 . The densities at different con-

centrations were measured in a range from 5 ◦C to 65 ◦C. The apparent molar volume

at a given concentration Vm(c) can consequently be calculated as

Vm(c) =
M

d0
− 103

d− d0
d0c

(6.36)

with M being the molar mass of the monomer repeating unit, d0 the density of the

solvent, and d the density measured at a certain concentration c. Vm(c) is finally ex-

trapolated to c = 0 to obtain Vm.

Figure 6.16 shows Vm as a function of temperature for the sodium salts of PA and

PSS in H2O. The molar volume shows a continous increase with increasing temperature

for both polyelectrolytes. This has previously been shown for PA in a much narrower
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Figure 6.15: Phase diagram of PA-b-PSS in the presence of Ca2+ (A), Sr2+ (B) and Ba2+

(C) in 100mmol L−1 NaCl at 25 ◦C.
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6.5.6 — Scattering length
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Figure 6.16: Molar volumes of PA (A) and PSS (B) in H2O as a function of temperature.
The solid line represents a linear fit of the data.

temperature range. It can be attributed to the fact, that hydration becomes more un-

stable with increasing temperature. This leads to an increase of the measured molar

volume since the electrostriction of water is less strong and therefore the hydration

layer gets less dense.65 Table 6.8 lists the measured molar volumes as a function of

temperature.

Table 6.8: Molar volumes for NaPA and NaPSS as a function of temperature.

Vm /cm3mol−1

Temperature /◦C NaPA NaPSS
5.0 33.12± 0.38 108.04± 1.62

10.0 33.91± 0.37 109.23± 0.77
15.0 34.27± 0.35 109.76± 0.72
20.0 34.88± 0.36 110.86± 0.73
25.0 35.35± 0.35 111.63± 0.71
30.0 35.78± 0.35 112.48± 0.73
35.0 36.18± 0.34 113.22± 0.70
40.0 36.50± 0.36 113.88± 0.75
45.0 36.84± 0.36 114.60± 0.73
50.0 37.02± 0.38 115.14± 0.78
55.0 37.22± 0.35 115.65± 0.71
60.0 37.42± 0.37 116.26± 0.76
65.0 37.91± 0.42 117.44± 0.85

6.5.6 Scattering length

Table 6.9 shows scattering length b for neutrons and X-rays (at 12.46 keV and if relevant

at 16.00 keV) used for the analysis of the data. The scattering length densities ρ are
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calculated by

ρ =
b
Vm

NA (6.37)

with the corresponding molar volume Vm and the Avogadro constant NA. The molar

volumes of the polyelectrolytes for various temperatures are listed in Table 6.8. The

molar volume of H2O and D2O at different temperatures were taken from the densities

reported in Reference [66].

The molar volume of PA– was assumed to be identical to the one measured for

NaPA. It has been shown, that for polyelectrolytes the molar volume is given by

Vm = Vm,PA– + Vm,Na+ + Vm,electrostriction (6.38)

At 25 ◦C the two terms Vm,Na+ (−6.7 cm3mol−1)67 and Vm,electrostriction

(6.3 cm3mol−1)68 cancel out each other. Based on this, we approximate, that the

molar volume of PA– and NaPA are identical and we use the measured value Vm of

NaPA for the calculation of the scattering length density of PA– .

Table 6.9: Neutron and X-ray scattering length of the used compounds.

Compound bneutrons /fm bX-rays, 12.46keV /fm bX-rays, 16.00keV /fm
PA– 20.327 107.259 107.190
NaPSS 50.881 299.825 299.430
D2O 19.145 28.242 28.217
H2O −1.675 28.242 28.217
Ca2+ 4.7 51.652
Sr2+ 7.02 89.018
Ba2+ 5.07 152.250
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6.5.7 Overview of the fit parameters from SAXS

Table 6.11 shows the fit parameters from the SAXS data including error bar estimation.

Table 6.10 shows the obtained values of χ2red = χ2

N−M , where N is the number of data

points and M the number of free parameters for the fits. Note that the χ2red values for

the SAXS fits are considerably larger than 1.0. This arises from the difficult estimations

of errors. The available errors only take into account the statistical error, which is

relatively low due to the high counting statistics at modern synchrotron. However,

systematic errors are not taken into account, which leads to an underestimation of the

errors and to χ2red values considerably larger than unity.

Table 6.10: χ2red for the SANS and SAXS fits shown in the main manuscript (Figure 6.2
and 6.7) and in the Supporting Information (Figure 6.19).

Sample SANS/SAXS Figure χ2red
h3-PA1190PSS70/Ca2+/25 ◦C SAXS Figure 6.2A 47.3a

h3-PA1190PSS70/Sr2+/25 ◦C SAXS Figure 6.2B 503.9a

h3-PA1190PSS70/Ba2+/25 ◦C SAXS Figure 6.2C 63.3a

h3-PA1190PSS70/Ca2+/6 ◦C SANS Figure 6.19A 0.4
h3-PA1190PSS70/Ca2+/65 ◦C SANS Figure 6.19A 1.4
h3-PA1190PSS70/Sr2+/6 ◦C SANS Figure 6.19B 5.7
h3-PA1190PSS70/Sr2+/30 ◦C SANS Figure 6.19B 0.4
h3-PA1190PSS70/Sr2+/65 ◦C SANS Figure 6.19B 0.8
h3-PA1190PSS70/Ba2+/6 ◦C SANS Figure 6.19C 1.6
h3-PA1190PSS70/Ba2+/65 ◦C SANS Figure 6.19C 1.2
d3-PA1190PSS70/Ca2+/8 ◦C SANS Figure 6.7A 1.1
d3-PA1190PSS70/Ca2+/65 ◦C SANS Figure 6.7A 38.0
d3-PA1190PSS70/Sr2+/8 ◦C SANS Figure 6.7B 4.8
d3-PA1190PSS70/Sr2+/65 ◦C SANS Figure 6.7B 21.2
d3-PA1190PSS70/Sr2+/25 ◦C SANS Figure6.77B 1.3
d3-PA1190PSS70/Ba2+/8 ◦C SANS Figure 6.7C 5.6
d3-PA1190PSS70/Ba2+/65 ◦C SANS Figure 6.7C 1.1

a Obtained from a global fit of all samples shown in the corresponding Figure.

6.5.8 Fit of the Ba2+-SAXS data with an inverse model

Figure 6.17 shows the SAXS data of the micelles in the presence of Ba2+ at 25 ◦C together

with the model of a polydisperse block copolymer with Ba2+/PSS in the core and PA in

the corona. Table 6.12 shows the obtained fit parameters. The model does not correctly

describe the mid q part of the data. Furthermore, the obtained values of the corona
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6.5.9 — Overview of the fit parameters from SANS

Table 6.12: Structural parameters from the form factor fits of the SAXS data shown in
Figure 6.17 measured at 25 ◦C.

Ba2+

c(M2+)/mM 10

Rcore 9.8± 0.3
σRcore
Rcore

/nm 0.15± 0.03
Rg,corona/nm 28.5± 0.9
s/nm 7.3± 0.1
νcorona 0.27± 0.98
fsolvent 0.95± 0.01

Figure 6.17: SAXS profile of h3-PA1190PSS70 (c = 1 g L−1) in the presence of 10mmol L−1

Ba2+ measured at 25 ◦C. The solid line represents a fit to the model of a polydisperse
block copolymer micelle with Ba2+/PSS in the core and PA in the corona. Table 6.12

summarizes the results of the fit.

thickness s and the radius of gyration of the polymer chains in the corona Rg,corona

adopt unreasonable values.

6.5.9 Overview of the fit parameters from SANS

Table 6.13 shows the fit parameters with error bars from the fits of the SANS data of

d3-PA1190PSS70, which are presentend in Figure 6.7 in the main manuscript. Table 6.10

summarizes the obtained χ2red values.

In addition to the experiments performed with the polymer containing a deuterated

PA block we also performed SANS experiments with the fully hydrogenated polymer

h3-PA1190PSS70. Figure 6.18 and 6.19 show the results from temperature dependent light

scattering as well as SANS. Table 6.14 summarizes the obtained fit parameters. Table

6.10 lists the obtained values of χ2red.
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Figure 6.18: Hydrodynamic radius Rh and apparent molecular weight Mw,app of
h3-PA1190PSS70 in the presence of Ca2+ (A), Sr2+ (B) and Ba2+ (C) as a function of tem-
perature. The solvent is composed of 100.0% D2O. The lines are guide to the eyes. The
polymer concentration is 1 g L−1. The concentration of M2+ is: Ca2+ 6.1mmol L−1, Sr2+

5.4mmol L−1, Ba2+ 4.65mmol L−1. The solvent is composed of 100.0% D2O.

Figure 6.19: SANS profiles of h3-PA1190PSS70 in the presence of Ca2+, Sr2+ and Ba2+

at 6 ◦C (blue), 25 ◦C (black) and 65 ◦C (red). The solvent is composed of 100.0% D2O.
The samples are identical to the ones in Figure 6.18. The solid lines represent fits to
the model of a Gaussian chain or block copolymer micelles. Table 6.14 summarizes the
resulting fit parameters.

The SANS curves of d3-PA1190PSS70 in the presence of Sr2+ and Ba2+ at 8 ◦C can not

be described by using a model consisting of a PA/M2+ core and a PSS. Figure 6.20 shows

the best fits obtained with such a model. It is obvious from the fit, that a homogeneous

core composed of PA/M2+ results in a slope close to −4 at high q, whereas the SANS

profiles show a considerably flatter slope.
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Figure 6.20: SANS profiles of d3-PA1190PSS70 in the presence of Sr2+ and Ba2+ at 8 ◦C.
The solvent is composed of 25.2% D2O. The solid lines represent fits to the model of a
block copolymer micelles with a PA/M2+ core and a PSS corona.
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Figure 6.21: Hydrodynamic radius Rh of d3-PA1190PSS70 in the presence of Sr2+ during
several heating and cooling cycles.

6.5.10 Reversibility of micelle formation induced by temperature variation

In order to demonstrate that the temperature induced micelle formation is a reversible

process and the samples are in thermodynamic equilibrium Figure 6.21 shows the hy-

drodynamic radius Rh of d3-PA1190PSS70 in the presence of Sr2+ during several heating

and cooling cycles. At 25 ◦C the polymer is present as single chains. Temperature de-

crease to 10 ◦C results in the formation of micelles with a core composed of PSS/Sr2+.

A temperature increase to 65 ◦C also results in micellization, however this time micelles

contain a PA/Sr2+ core. Upon return to 25 ◦C after each cycle the polymer returns to

the state of single chains.
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6.5.10 — Reversibility of micelle formation induced by temperature variation
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Figure 6.22: Hydrodynamic radius Rh and apparent molecular weight Mw,app of
d3-PA1190PSS70 in the presence of Ba2+. The lines are guides to the eye. The polymer
concentration is 1 g L−1 and the concentration of Ba2+ is 4.9mmol L−1.

6.5.11 Micelle inversion in the presence of Ba2+

Figure 6.22 shows the hydrodynamic radius Rh and the apparent molecular weight

Mw,app for a sample of d3-PA1190PSS70 in the presence of Ba2+ as a function of temper-

ature. Similarly to the sample in the presence of Sr2+, micelle formation is observed at

low and high temperatures with an intermediate region of single chains. However the

molecular weight and Rh at high temperatures are considerably smaller than for Sr2+.

This can be attributed to the smaller entropy of binding ∆S of Ba2+ to PA compared to

the system PA/Sr2+. Consequently, the micelle formation at high temperatures is less

pronounced.
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Chapter 7

Controlling self-assembly with light and

temperature

Abstract

Complexes between the anionic polylelectrolyte sodium polyacrylate (PA) and an oppo-

sitely charged divalent azobenzene dye are prepared in aqueous solution. Depending

on the ratio between dye and polyelectrolyte stable aggregates with a well-defined

spherical shape are observed. Upon exposure of these complexes to UV light, the

trans −−→ cis transition of the azobenzene is excited resulting in a better solubility of

the dye and a dissolution of the complexes. The PA chains reassemble into well-defined

aggregates when the dye is allowed to relax back into the trans isomer. Varying the

temperature during this reformation step has a direct influence on the final size of the

aggregates rendering temperature in an efficient way to easily change the size of the

self-assemblies. Application of time-resolved small-angle neutron scattering (SANS)

to study the structure formation reveals that the cis −−→ trans isomerization is the

rate-limiting step followed by a nucleation and growth process.

Reprinted with permission from Carl N.; Müller W.; Schweins R.; Huber K.;

Controlling self-assembly with light and temperature; Langmuir, 2019, DOI:

10.1021/acs.langmuir.9b03040 Copyright 2019 American Chemical Society.
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7.1 Introduction

Electrostatic interactions are widely used to assemble colloids with interesting opti-

cal,1 magnetic2 or mechanical3 properties. This includes the complexation of oppositely

charged nanoparticles4 or polyelectrolytes,5 the salt-induced aggregation of colloids into

fractals,6,7 or the self-assembly of polyelectrolytes in the presence of multivalent cations8

or surfactants.9,10 One common but rarely reported problem for all of these approaches

is that the timescale on which self-assembly takes place is usually considerably faster

than the timescale required for proper mixing via diffusion. This prevents homogeneous

mixing before the self-assembly takes place and often results in undesired nonequilib-

rium effects11,12 like the appearance of micrometer-sized, kinetically frozen aggregates.

Most importantly, it makes reproducible sample preparation extremely challenging and

may result in different conclusions drawn when the same experiment is performed by

different researchers.

The most promising approach to tackle this problem is to use an external stimulus to

control or trigger the self-assembly process. Temperature is a widely used noninvasive

stimulus, often applied in combination with thermoresponsive polymers.13–15 Visible

light is another noninvasive stimulus, which can be applied nearly instantaneously and

is easily accessible with high intensity and high monochromaticity. Light as an external

stimulus has been successfully used to create molecular machines16 and switches17,

to control chemical reactions18 or to create novel catalysts19 and organic light-emitting

transistors.20 The application of a stimulus by light, which however is most relevant to

the present work was established by Gröhn et al.21,22

Based on the concept of electrostatic self-assembly between positively charged poly-

electrolytes and oppositely charged azo dyes,23,24 Gröhn et al. developed procedures

to trigger or tune the self-assembly process, with both components acting as building

units. In a proof of principle, poly(amidoamine) dendrimers were used in combina-

tion with the anionic dye acid yellow 38 (ay38) to generate a two-component mixture,

which responds to UV light exposure and pH variations.22 Irradiation with UV light

transforms the trans state of the dye to its cis state and a drop in pH to 3.5 turns the

dendrimer into a fully charged polycation. These responses gave access to a cycle,

which may start with a mixture of the dye in its cis state and the neutral nonaggregated

dendrimer. A drop in pH to 3.5 induces aggregation with a final aggregate size of

65nm. Successive exposure to UV light induces a transformation of the dye to its trans

state, which is accompanied by an increase in the size of the aggregates by more than
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a factor of 5. This further growth was made possible by a partial liberation of dyestuff

anions accompanied by a decrease in the electric charge of the aggregates. In the step

to follow, an increase in pH to 10.5 disintegrates the aggregates. At the same time, the

cis state as the thermodynamically more stable state of the dye is gradually reformed.

Finally, a drop in pH back to 3.5 recovers the small aggregates. Noteworthy, such a

switch in size was only observed at a limited regime of charge ratios [RSO3

−]

[NR4

+]
larger than

the stoichiometric point. Based on this success, Gröhn et al. extended their concept to

linear polyelectrolytes. With poly(diallyldimethyl-ammonium chloride) (PDADMAC)

or poly(N methyl-4-vinylpyridinium nitrate) (QPVP) as polycation and three azo dyes

(acid red 27, acid red 28 and ay38) as oppositely charged dyes, respectively.21,25 Only

in the presence of ay38, both polyelectrolytes exhibited light-induced changes. Whereas

PDADMAC aggregates shrank below the stoichiometric charge ratio and increased in

size above the stoichiometric point, aggregates with QPVP shrank on both sides of the

stoichiometric point.25 PDADMAC showed even a change in morphology after expo-

sure to UV light.21. In all cases, the trans −−→ cis isomerization of ay38 was at the

origin of the morphological changes but only over-stoichiometric mixtures of ay38 and

PDADMAC exhibited a similar trend as observed with the dendrimers. This already

indicates that the nature of the aggregates depends on the concentration ratio of the two

components and on the nature of the dyestuff as well as on the polycation.

In the present work, we extend this concept to a combination of sodium polyacrylate

(NaPA) as an anionic, linear polyacrylate with a divalent cationic dye 2,2’-((diazene-

1,2-diylbis(4,1-phenylene))bis(oxy))bis-(N,N,N,N-trimethylethan-1-aminium) dichloride

(diAzoEt), with diAzoEt being able to undergo a light-induced trans −−→ cis isomeriza-

tion. As is shown in the present case, a combination of NaPA with diAzoEt in its trans

state reveals aggregates at substoichiometric compositions. Contrary to the systems

investigated by Gröhn et al.21,22,25 where the aggregate size changes massively upon

light irradiation, our system does fully disassemble in a reversible manner. Thermal

energy recovers the trans state of diAzoEt, which permits the components to reassem-

ble. Controlling and understanding the mechanism of the reassembly process allows

us to tailor the size of the self-assembled structures and therefore opens a new route to

well-defined complexes between oppositely charged molecules. Morphological changes

in the present work were analyzed by the small angle neutron scattering method and a

mechanism is suggested for the reassembly process of the coaggregates.
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7.2 Experimental Details

7.2.1 Sample preparation

A solution of 2.5 g L−1 sodium polyacrylate in D2O (Euriso-top, France, 99.90 atom

% deuterium) was prepared by dissolving the freeze-dried polymer and adjusting

the pD to 9 using NaOD. Similarly, a stock solution of 2,2’-((diazene-1,2-diylbis(4,1-

phenylene))bis(oxy))bis(N,N,N-trimethylethan-1-aminium) dichloride (diAzoEt, struc-

ture shown in Figure 7.1A) at a concentration of 50mmol L−1 was prepared in D2O and

the pD was adjusted to 9. For the preparation of PA-diAzoEt complexes the PA stock so-

lution was diluted with the required amount of D2O and diAzoEt stock solution added

under heavy stirring. Typically, a final polymer concentration of 0.5 g L−1 was used.

A detailed description of the synthesis and characterization of PA and diAzoEt can

be found in the Supporting Information.

7.2.2 Small-Angle Neutron Scattering (SANS)

SANS measurements were performed at the D11 small-angle neutron scattering instru-

ment of the Institut Laue-Langevin (Grenoble, France). Three sample to detector dis-

tances (39.0m collimation 40.5m, 8.0m collimation 8.0m, and 1.4m collimation 5.5m)

and a neutron wavelength of 0.5nm (full width at half maximum (FWHM) 9%) were

used to cover a q range of 2× 10−2 − 5nm−1. We used a circular neutron beam with

a diameter of 15mm. Scattered neutrons were detected with a 3He MWPC detector

(CERCA) with 256× 256 pixels of 3.75mm× 3.75mm pixel size. The detector images

were azimuthally averaged, corrected to the transmission of the direct beam and scaled

to absolute intensity using the LAMP software. Scaling to absolute intensity was based

on a 1mm H2O cell as a secondary standard ( dΣdΩ = 0.929 cm−1). The scattering from

the solvent and the incoherent background were subtracted from the scattering curves.

Details for the data reduction can be found in Chapter 2 of Ref. [26]. The sample

temperature was adjusted to temperatures between 25 ◦C and 66 ◦C using a circulating

water bath. For the time-resolved SANS measurements, acquisition times of 30 s (66 ◦C)

and 1min (45 ◦C and 58 ◦C) were used. The kinetics were recorded at two sample to de-

tector distances (40m and 8m) with irradiation of the sample with UV light at 365nm

in between the acquisitions.

The scattering model used to describe the SANS curves is described in detail in the

Supporting Information.
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7.2.3 UV-VIS Absorbance Spectroscopy

UV-Vis absorbance spectroscopy was performed using a V-630 spectrometer from Jasco.

The samples were filled into 1mm quartz glass cuvettes and typically measured in a

wavelength range from 200nm to 1100nm. Prior to the measurement of the sample the

corresponding solvent (typically D2O) was measured as a background. The temperature

was controlled using a circulating water bath connected to the sample holder. The

temperature at the sample position was controlled by placing a cuvette filled with water

and a digital thermometer in the sample position.

7.3 Results

Polyelectrolyte-Azobenzene Complexes Sodium polyacrylate (PA) was chosen as

an anionic polyelectrolyte, as its solution behavior is well studied and previous

works showed that PA exhibits a specific interaction with monovalent and multivalent

cations.27–33 The used polymer was characterized by dynamic and static light scattering

and has a weight-averaged molecular weight of 341 kgmol−1. To be able to control the

self-assembly with light, a divalent diazophenol cation (diAzoEt), which undergoes a

trans −−→ cis isomerization when exposed to light, was employed.34 Figure 7.1A shows

the chemical structure of the trans and cis isomer of the diAzoEt cation and Figure 7.1B

shows the corresponding UV-Vis absorbance spectrum in aqueous solutions. The trans

state which is the thermodynamically stable isomer of the molecule, shows a strong

absorption band at around 365nm. By exciting this absorption band, the trans state is

converted into the cis state. This isomer lacks an absorption band at 365nm but shows

one at a longer wavelength of 436nm.

The cis isomer is metastable and therefore isomerization back to trans state takes

place with time due to thermal energy. The thermal activation energy was obtained

by monitoring the absorbance at 365nm as a function of time at several temperatures

yielding an activation energy of around 88.2± 2.9 kJmol−1. This value is close to lit-

erature values for similar azobenzene compounds in aqueous solution.35 Details can be

found in the Supporting Information.

Based on this knowledge, complexes of this cation with the negatively charged poly-

electrolyte PA were prepared. To identify a ratio of polymer concentration to diAzoEt

concentration [diAzoEt], where stable complexes between polymer and dye are found,
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Figure 7.1: A Chemical structure of the azobenzene cation diAzoEt in the trans as well
as in the cis state. B UV-VIS absorbance spectra of trans and cis dye. The blue line
indicates the wavelength of the UV lamp used for trans to cis isomerization.

we introduced the charge ratio Z as

Z =
2 · [diAzoEt]

[PA]
(7.1)

with [PA] being the PA monomer unit concentration. The factor of 2 in eq. 7.1 arises

from the divalent character of diAzoEt. Previous works showed that such a charge ratio

is an important quantity in the case of electrostatic self-assembly with the self-assembly

typically commencing close to charge neutrality (Z ≈ 1.0).24,36

Several samples with a polymer concentration of 0.5 g L−1 and increasing dye con-

centration were prepared. Below a charge ratio of 0.7 solutions stayed clear. In the

range of 0.7 6 Z 6 1.0 highly turbid solutions, which are stable for an extended pe-

riod of time, are found. The turbidity of the samples in the range of Z between 0.7

and 1.0 indicates the formation of self-assembled structures giving rise to strong scat-

tering of light. Figure 7.2 shows a photograph of the corresponding samples. Above

a charge ratio of 1.0 fast precipitation (within several minutes) was found and unlike
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Figure 7.2: Photographs of polyelectrolyte-diAzoEt complexes with increasing charge
ratio Z.

to the findings by Gröhn et al.22, even at charge ratios as high as 10 no stable solutions

were observed.

The formation of highly turbid solutions can be attributed to the binding of trans-

diAzoEt to the PA moieties. This binding neutralizes the charge of the polyelectrolyte

chain and consequently makes it more hydrophobic. Below Z = 0.7 the number of

complexed carboxylate groups COO– is too low to affect the solution behavior of the

polymer chains. Once the critical ratio of Z = 0.7 is reached, the polymer becomes too

hydrophobic to stay molecularly dissolved in solution and forms self-assembled struc-

tures with other polyelectrolyte-diAzoEt complexes. These aggregates are stabilized by

negatively charged COO– groups, which are not complexed by diAzoEt. On increasing

Z more and more COO– groups are neutralized and above a charge ratio of 1.0 corre-

sponding to charge neutrality aggregates get too hydrophobic to stay in solution and

therefore precipitate.

Structure of the Self-Assemblies To obtain a more detailed knowledge about the

structure of the polyelectrolyte-diAzoEt complexes small-angle neutron scattering

(SANS) was performed on the complexes. This technique provides ensemble-averaged

information about structures from a few nanometers to several micrometer.26 More im-

portantly, neutrons are weakly interacting with matter. This allows the study of opti-

cally turbid samples and metastable states such as the cis isomer of diAzoEt, which is

not possible using X-ray or light scattering. Accordingly, neutrons do not interfere with

the light-induced trans −−→ cis isomerization of diAzoEt. Unfortunately, this isomer-
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ization excludes any meaningful light scattering experiments as exposure to the laser

wavelength of 632nm accelerates the recovery of trans-isomers.

For all of the following experiments, a sample at Z = 0.8 was chosen. The black

data in Figure 7.3A show the SANS profile of the corresponding sample mixed at room

temperature. The scattering profile of the complexes with the trans-diAzoEt shows

well-defined form factor oscillations with two characteristic slopes: a slope close to −4

at medium momentum transfers and a flatter slope of −2 at high q. The slope of −4 is

attributed to the scattering arising from a homogeneous object with a sharp interface to

the surrounding such as a homogeneous sphere.37 The form factor oscillations indicate

that the PA-diAzoEt complexes have a well-defined size and shape. The second slope

of −2 is typical for swollen polymers in a θ solvent.37 This scattering contribution can

arise either from free polymers, which are not incorporated into the complexes or from

polymer chains within the complexes. It was previously shown that block copolymers

where the core forming block is highly swollen show such a scattering contribution

from concentration fluctuations characterized by a correlation length ξ.38

Consequently, two different models were tested. The first assumes a mixture of

spherical aggregates39 and free polymer chains,40 whereas the second model assumes

spherical aggregates where the polymer chains in the aggregate form meshes with a

characteristic correlation length ξ.38 The models are described in detail in the Support-

ing Information. Knowledge of the polymer and dye concentrations, molar volumes,

and scattering lengths allows to heavily constrain the fitting procedure. Comparing

both models allowed identifying homogeneous spheres composed of partially swollen

polymers with a correlation length ξ as the more suitable model because a mixture of

spheres and free chains yielded nonphysical fitting parameters.Table 7.1 summarizes

the fitting parameters and Figure 7.3B illustrates the structure of the aggregates.

The spherical aggregates have an aggregation number Nagg of 576 resulting in a

radius R of 76.4nm with a low polydispersity σR
R of 5.4%. The core consists of PA

complexed by trans-diAzoEt and a considerable amount of water, namely 67.8 vol%

(fsolvent). Such high volume fractions of solvent are not unusual and have been previ-

ously reported for micelles including a PA/Ca2+ core.8 Such high water contents may

be considered as typical for liquid-liquid phase separations.8 The high volume fraction

of water also explains the scattering contribution from the polymers at high q due to

the high amount of water the polymer chains are swollen and form meshes with a cor-

relation length of ξ resulting in a structure similar to the ones found in microgels.41 The
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structure of the aggregates is illustrated in Figure 7.3B. Table 7.1 shows the parameters

obtained from the fitting.

Table 7.1: Structural parameters from the form factor fits40,42 of the SANS data shown
in Figure 7.3A.

Before irradiation After irradiation Model
Rg,sc/nm — 11.0± 0.3 Generalized

Gaussian chain40

ν — 0.60± 0.01
R/nm 76.4± 3.4 — Homogeneous spheres

composed of
swollen polymers38

σR
R 0.054± 0.001 —
Nagg 576± 3 —
ξ/nm 1.9± 0.1 —
fsolvent 0.678± 0.002 —

To investigate how a trans −−→ cis isomerisation of diAzoEt affects the aggregates,

the sample was exposed to UV light at 365nm for 30min to trigger the trans −−→
cis isomerization. Surprisingly, the turbidity of the sample completely disappeared

accompanied by a slight change of color from yellow to orange. Figure 7.3A also shows

the SANS profiles of this sample after UV irradiation. The scattering profile completely

changes upon exposure to UV light. The forward scattering decreases by nearly 3 orders

of magnitude and the characteristic form factor oscillations completely vanish. Instead,

the scattering curve only shows a characteristic slope close to −2 at high q. The data

can be well-described by the model of a generalized Gaussian chain40 with a radius of

gyration of the single chains Rg,sc of 11.0nm and a Flory exponent ν of 0.60. Compared

to trans-diAzoEt, the cis-diAzoEt has a higher dipole moment and therefore a better

water solubility.43 As a result, the PA-diAzoEt complexes dissolve to individual PA

chains since the diAzoEt dye becomes more hydrophilic and the binding between it

and the PA groups is weakened. Dissolution to individual polyelectrolyte chains, whose

charges are screened by the cis-diAzoEt cations is in fact compatible with a form factor,

which is typical for polymers in a good solvent. It has been shown previously that a

sufficient concentration of electrolytes screens the charges of polyelectrolytes, resulting

in a coiled structure close to the one observed for uncharged polymers.44 Figure 7.3B

illustrates this process and shows photographs of the respective samples.

The complete dissolution of the aggregates triggered by trans −−→ cis isomerization

of diAzoEt at a substoichiometric charge ratio of Z = 0.8 makes such NaPA/diAzoEt

mixtures a particularly interesting candidate for switchable systems. The present sys-

tem differs significantly from the respective behavior observed by Gröhn et al.21,25 with
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PDADMAC or QPVP and the anionic dye ay38. For both polyelectrolytes, Gröhn et

al.21,25 only found a decrease of the aggregate size at substoichiometric ratios and not

a complete disintegration. For the dendrimer-like polyelectrolyte, the difference to the

present system is even more pronounced as no variation was observed at Z < 1 and an

increase of the aggregate size was induced by the trans −−→ cis isomerization of ay38

once the dye was added in excess to the polyelectrolyte.

After showing that the PA-diAzoEt complexes can be effectively disassembled by

UV irradiation, the dye was allowed to return to the thermodynamically stable trans

state. For this, the sample was left for several hours at a constant temperature of 25 ◦C,

which resulted in a color change back from orange to yellow as well as an increase

in turbidity. The SANS curve of the final state is shown in Figure 7.3C. The forward

scattering increased together with the formation of well-defined form factor oscillations

indicating that the PA-diAzoEt are reformed once diAzoEt is converted back from cis

to trans. The scattering curve looks similar to the one shown in Figure 7.3A, however

without reaching the Guinier plateau. It is obvious that the initial state is not fully

identical to the state after irradiation and relaxation. This can be attributed to the

kinetic effects occurring upon the preparation of the initial samples. The outcome of

mixing oppositely charged components can strongly depend on the way of mixing. This

was previously shown for polyelectrolytes and oppositely charged surfactants.11,12

It is hypothesized that upon irradiation and consequent relaxation, it is possible to

shift from a kinetically trapped state to the state of thermodynamic equilibrium. As the

equilibration at 25 ◦C results in relatively large structures, which are not fully accessible

by the available q range in SANS, the relaxation was performed at several temperatures

ranging from 25 ◦C to 66 ◦C. The final structures were characterized by SANS and the

corresponding scattering profiles are shown in Figure 7.4. Again well-defined form

factor oscillations occur and the scattering curves look similar to the one shown in

Figure 7.3A.

The UV illumination and reassembly step at 45 ◦C was repeated several times and

the obtained SANS profiles were always identical. Figure 7.11 in the Supporting Infor-

mation shows the SANS curves after two subsequent irradiation and relaxation cycles.

This implies that the structure formation is fully reversible. Further on, we hypothesize

that this structure formation can be directed by controlling the temperature during the

cis −−→ trans isomerization. In fact, a continuous shift of the form factor minimum

to higher q can be observed upon the increase of the temperature. This shows that the

formed structures are becoming smaller as the temperature during the cis −−→ trans iso-

178



7.3 — Results

Figure 7.3: A SANS profiles of PA-diAzoEt complexes at a charge ratio Z = 0.8 after
mixing (black) and after irradiation of the same sample (blue). The solid lines repre-
sent fits to the model of a homogeneous sphere composed of swollen polymer coils38

(black) and the model of a generalized Gaussian chain40 (blue) at 25 ◦C. B Sketch of the
structure before and after irradiation and photographs of the corresponding samples. C
SANS profile of PA-diAzoEt complexes of the sample shown in A after irradiation and
relaxation back to the trans state at 25 ◦C.
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Figure 7.4: SANS profiles of PA-diAzoET complexes at a charge ratio Z = 0.8 after
irradiation and reassembly at different temperatures ranging from 25 ◦C to 66 ◦C. The
solid lines represent fits to the model of a homogeneous sphere composed of swollen
polymer coils.38 Data recorded at 25 ◦C are identical to those in Figure 7.3C.

merization increases, which allows an effective control over the size of the aggregates.

To better compare the size of the structures, the data in Figure 7.4 were fitted with the

same form factor models used already in Figure 7.3.38 Table 7.2 summarizes the fitting

parameters. For the sample at 25 ◦C the Guinier plateau was not reached by the covered

q range and one form factor oscillation is visible at low q. It was not possible to reliably

fit this scattering curve with the form factor model. The minimum size based on the

position of the form factor minimum was therefore estimated by R = 4.49
qmin
≈ 180nm.26

The radius of the aggregates decreases from 180nm to 96nm when going from 25 ◦C

to 66 ◦C. The degree of aggregation Nagg decreases with increasing temperature from

2890 to 980 and in all cases is much larger than that in the initial state at 25 ◦C. The

other parameters such as the mesh size ξ, water content, and polydispersity are similar,

indicating that the morphology of the particles does not change significantly.

Table 7.2: Structural parameters from the form factor fits of the SANS data shown in
Figure 7.4.

25 ◦C 45 ◦C 58 ◦C 66 ◦C

Rg/nm 111.3± 7.5 86.5± 3.2 71.8± 2.1
R/nm > 180 143.1± 1.6 110.0± 0.6 96.0± 0.8
σR
R — 0.047± 0.001 0.035± 0.001 0.052± 0.001
Nagg — 2888± 44 1539± 10 982± 5
ξ/nm — 3.5± 0.1 1.7± 0.1 2.1± 0.1
fsolvent 0.756± 0.003 0.696± 0.001 0.709± 0.001
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as a function of time for the reforming PA-diAzoEt complexes at 45 ◦C. The acquisition
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Mechanism of the Self-Assembly Process To understand the findings described

above, the reassembly process was monitored using time-resolved SANS experiments.

Observing the structure formation as a function of time allows us to obtain important

information required to understand the mechanism of the self-assembly process and

the effect of temperature on the final aggregate size. Figure 7.5A shows selected SANS

profiles from the sample, which was irradiated and allowed to reassemble at 45 ◦C. The

initial scattering curves are similar to one of the irradiated samples presented in Fig-

ure 7.3A. With progressing time, the forward scattering slightly increases, however, the

curves barely change their shape for the first 80min. After this, a strong and fast in-

crease in forward scattering takes place, accompanied by the formation of well-defined

form factor oscillations. From there on until the end of the process, the form factor

oscillations continuously shift to lower q, indicating a further increase in the aggregate

size.
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First, a Guinier analysis was performed in the low q region of the scattering curves,

which allows to obtain model-independent information from the scattering curves. Fig-

ure 7.5B shows the forward scattering I0 as well as the radius of gyration Rg obtained

from this analysis as a function of time. Up to 80min the radius of gyration stays

constant at around 11nm, while the forward scattering increases slightly. From there

on I0 as well as Rg rapidly increase until they approach a constant value. This model-

free analysis already gives a first idea of the self-assembly mechanism. In the first step

of the reaction, denoted as step I, the polymer dimensions stay constant whereas the

forward scattering slightly increases. The increase of I0 can be attributed to the contin-

uous conversion of cis to trans dye, as the trans state will bind to two monomer units of

PA and therefore change the scattering length of the polymer chain, resulting in an in-

crease of the forward scattering. Once a critical fraction of dye is converted and bound

to the polyelectrolyte the polymer chains rapidly aggregate and form bigger structures

followed by a slower growth to the final size.

To get more quantitative information about the course of the self-assembly, the SANS

data were analyzed with a form factor model assuming a mixture of free polymer chains

and PA-diAzoEt complexes with varying aggregation number.38 Together with the in-

formation about scattering length densities, molecular volumes, and polymer concen-

tration the fit can be heavily constrained. Furthermore, several parameters such as the

water content of the PA-diAzoEt complexes fsolvent, correlation length ξ, the radius of

gyration of the free chains Rg,sc and their Flory exponent νwere assumed to be the same

for all scattering curves. The solid lines in Figure 7.5A show the obtained fits with the

form factor model and Table 7.3 summarizes the global fitting parameters. Setting ξ and

fsolvent as global fitting parameters is a simplification regarding the following discussion

of the self-assembly mechanism. It assumes that the aggregate structures remain un-

changed during the process. However, it allows to reliably fit the entire set of scattering

curves including the beginning of the aggregation, where the statistical uncertainty is

high.

The form factor analysis yields the fraction of polymer chains, which are not asso-

ciated with aggregates. Figure 7.6A shows this fraction of free polymer as a function of

time. As already concluded from the Guinier analysis, in the first part of the process the

fraction of free polymer stays constant until around 80min. From there on the fraction

of free polymers rapidly deceases, arising from the formation of first aggregates. From

the semi-logarithmic plot of the free polymer fraction, it is obvious that this decrease

in the amount of free polymer chains is a process composed of two further steps with
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Table 7.3: Structural parameters from the form factor fits of the SANS data recorded
during the aggregation kinetics at the three different temperatures.

45 ◦C 58 ◦C 66 ◦C

ξ/nm 2.1± 0.1 2.9± 0.1 2.5± 0.1
fsolvent 0.820± 0.051 0.836± 0.062 0.761± 0.059
Rg,sc/nm 8.0± 0.1 11.1± 0.2 9.3± 0.2
ν 0.56± 0.01 0.65± 0.01 0.61± 0.01
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Figure 7.6: A Fraction of free polymer as a function of time for the aggregation kinetics
recorded at 45 ◦C, 58 ◦C and 66 ◦C. The solid line is a double exponential fit. B Arrhenius
plot of the rate constant for steps I, II, and III. The solid line is a linear fit, yielding the
activation energy Ea.
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different characteristic times: a very fast process (step II) and a second slower process

(step III). A first indication for such a two-step process is already visible in the semi-

logarithmic plot of the forward scattering as a function of time in Figure 7.5B. A double

exponential function was used to describe the decay in Figure 7.6A yielding a relaxation

rate of 0.21± 0.01min−1 (step II) and 0.034± 0.002min−1 (step III).

To estimate the activation energy of the steps I, II, and III the same experiment was

performed at two further temperatures: 58 ◦C and 66 ◦C. The scattering curves look

similar and follow a similar trend as the ones of the experiment at 45 ◦C. They are shown

in the Supporting Information, together with the results from the Guinier analysis. The

scattering curves can be described by the same form factor model,38 yielding the fraction

of free polymer as a function of time included in Figure 7.6A. The self-assembly process

becomes considerably faster when going from 45 ◦C to 58 ◦C and 66 ◦C. The decay of the

free polymer fraction can be well-described by a double exponential function, yielding

characteristic rate constants for step II and III of the process. A characteristic time for

step I can be obtained by determining the time after which the aggregation starts.

Table 7.4: Activation energies from the form factor fits of the SANS data shown in
Figure 7.6.

Step Ea/kJmol
−1

I 86.7± 12.3
II 43.9± 15.0
III 36.1± 10.4

Figure 7.6B shows an Arrhenius plot of the relaxation rates obtained at the three

temperatures. They follow a linear behavior, which allows to estimate an activation

energy Ea for the three processes summarized in Table 7.4.

The activation energy Ea of 86.7 kJmol−1 for step I is similar to the activation

energy found for the cis −−→ trans isomerization of diAzoEt in the absence of PA

(88.2 kJmol−1). Consequently, step I can be attributed to the conversion of cis to trans

dye, which results in complexation of the PA chains. This is the rate-limiting step of

the whole self-assembly process as it has the highest activation energy. As soon as the

PA chains are complexed by a sufficient number of trans dye, step II starts, which has

a lower activation energy of 43.9 kJmol−1. Step II is the very rapid formation of first

aggregates, which can be linked to the formation of first nuclei. From there on step

III with an activation energy of 36.1 kJmol−1 results in the growth of the structures to
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the final size. It is worth mentioning that step II and III have very similar activation

energies.

Further information about the mechanism of the self-assembly can be obtained from

the model-independent analysis by correlating the radius of gyration Rg with the molec-

ular weight Mw obtained from the forward scattering I0.45,46

Rg ∝Mα
w (7.2)

The exponent α is characteristic of the fractal dimension df of the aggregating particles

as well as the aggregation mechanism.45,46 For a coagulation mechanism, where par-

ticles of all sizes can aggregate with each other obeying what is called a step-growth

process in polymer chemistry, a slope of 1
df

can be found. In contrast, a slope of 1
2·df is

found when the growth takes place through a monomer-addition mechanism or chain

reaction process.. In our example, this would mean that individual PA chains aggregate

onto already existing clusters and therefore lead to a growth of those clusters. The fac-

tor 12 only occurs in the case of monomer addition, as this process leads to a bimodal

reaction mixture. In combination with a different result for the two different averag-

ing formulas (z-averaged R2g and weight-averaged Mw) the bimodal distribution gives

different results compared to the monomodal distribution of a step-growth process.45,46

Figure 7.7A shows the radius of gyration Rg as a function of the forward scattering

I0, with I0 being directly proportional to Mw. From the double logarithmic representa-

tion, it is obvious that two characteristic slopes are present: a slope in the beginning of

the growth with a value close to 1
3 followed by a second flatter slope of 16 . As growing

structures during step III are self-similar and spherical (see Section 9 of the Support-

ing Information) the fractal dimension of the final structures is 3 and the slope of 16
can be clearly attributed to a monomer-addition mechanism taking place during step

III ( 12df = 1
2·3). In contrast, the slope of 13 is compatible with two different scenarios.

Spherical structures aggregating according to a coagulation mechanism would give rise

to a slope of 13 , while a monomer-addition mechanism of polymer chains (df = 5
3 for

good solvent) would also yield a slope close to 1
3 ≈

1
2df

= 3
2·5 . To verify whether the

structures formed in this regime can be considered as sufficiently dense and spherical,

the scattering curves in this regime are plotted in a dimensionless Kratky plot in Figure

7.18. In this representation, a pronounced peak is characteristic of dense structures. At

beginning of the aggregation (77min - 80min) there is no clear peak visible, which is

expected when the self-assembly process starts from individual polymer chains. From

this, we conclude that growth in step II produces intermediates, which change their
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scattering I0 obtained from Guinier analysis of the aggregation kinetics at 45 ◦C. B
Illustration of the mechanism of the self-assembly of PA-diAzoEt complexes.

morphology and hence are not self-similar, making an interpretation with power laws

questionable. Likely, growth during step II takes place via a monomer-addition mech-

anism of individual polymer chains to growing particles. The growing particles at the

onset of step II have fractal dimensions closer to (crosslinked) polymer coils and gradu-

ally change to homogeneous spherical structures, once a sufficient number of polymer

chains are aggregated. Those spheres then simply continue to grow according to a

monomer-addition mechanism during step III, in accord with the exponent of 16 .

Figure 7.7B illustrates the mechanism of the structure formation. First, cis diA-

zoEt gets converted into the trans isomer, which binds to the PA chains. Once a cer-

tain amount of diAzoEt is bound to the PA coils, rapid nucleation takes place via a

monomer-addition mechanism of individual polymer chains to growing species, which

gradually change their morphology from coil-like fractals (beginning of step II) to spher-

ical objects (step III). An increase in the temperature during the self-assembly results

in a faster nucleation phase and therefore a smaller size and a higher concentration of
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nuclei. Since the final growth step follows a monomer-addition mechanism, the final

number of particles is directed by the number of nuclei, in turn, determining the size of

the final structures.

7.4 Conclusions

Mixtures of the anionic polyelectrolyte polyacrylate (PA) and the trans isomer of a di-

valent diazophenol cation (diAzoEt) form well-defined spherical complexes in aqueous

solution. The self-assembly and stability of the aggregates strongly depend on the ratio

between PA and diAzoEt. The structures can be reversibly disassembled by triggering

the trans −−→ cis isomerization with UV light, resulting in individual polyelectrolyte

chains, which adopt the conformation of polymers in a good solvent. Upon return

of the cis isomer into the thermodynamically stable trans isomer the PA-diAzoEt com-

plexes are reformed, resulting in monodisperse spherical aggregates. Variation of the

temperature during this reassembly processes allows to control the size of the final

structures with smaller structures forming at high temperatures. The mechanism of

this reassembly process was studied with time-resolved small-angle neutron scattering

and revealed that it is a process consisting of three steps: The first, rate-limiting step

is the cis −−→ trans isomerization (step I). This involves the binding of the transformed

trans isomer to the polyelectrolyte chain. Once a sufficient number of dye molecules are

bound to PA, the chain is too hydrophobic to stay in solution, resulting in a very rapid

nucleation. Nucleation triggers step II taking place via a monomer-addition mecha-

nism. During aggregation in step II the aggregates undergo a morphological change

from a loosely packed rugged aggregate to a homogeneous and dense spherical aggre-

gate, which grows during step III via a monomer-addition mechanism to the final size.

Control of the nucleation phase allows to influence the number of nuclei and therefore

the final aggregate size.

The presented system opens new possibilities in the field of self-assembly by con-

trolling the affinity of binding through an external stimulus such as light. This allows

not only reproducible sample preparation but also reversible assembly and disassembly

of the oppositely charged building blocks. The presented approach is suitable to convert

an initial state, which is kinetically trapped due to mixing into the thermodynamically

stable structure.
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7.5 Supporting Information

7.5.1 Materials and synthesis

Materials

4,4’-Dihydroxyazobenzene (TCI Chemicals, France, > 98.0%), 1,2-dibromoethane

(Sigma Aldrich, France, 98.0%), K2CO3 (Sigma Aldrich, France, > 99.0%), ethanol

(Sigma Aldrich, France, p.a. > 99.8%), propan-2-ol (Sigma Aldrich, France, p.a. >

99.8%), CDCl3 (Euriso-top, France, 99.50 atom$ deuterium), 4.2mol L−1 trimethylamine

in ethanol (Sigma Aldrich, France), acetonitrile (Sigma Aldrich, France, > 99.5%), D2O

(Euriso-top, France, 99.90 atom% deuterium), Amberlite IRA-402 Cl– (Merck, France),

acrylic acid (Sigma Aldrich, France, >99%), 4,4-azobis(4-cyanovaleric acid) (Sigma

Aldrich, France, >98%) and 2-(2-carboxyethylsulfanylthiocarbonylsulfanyl)propionic

acid (Sigma Aldrich, France) were used as received. Water was purified using a Milli-

Q-system.

Synthesis of sodium polyacrylate (PA)

20 g of acrylic acid, 14.1mg of 2-(2-carboxyethylsulfanylthiocarbonylsulfanyl)propionic

acid and 3.9mg of 4,4-azobis(4-cyanovaleric acid) were dissolved in 100mL of deionized

water at room temperature. Next, the mixture was degassed by flushing with argon for

30min. The polymerization was performed for 24h at 70 ◦C under argon atmosphere.

After the reaction the product was allowed to cool to room temperature. Next, the

pH of the solution was adjusted to 9 and the product dialyzed (regenerated cellulose,

Spectra/Por 6 MWCO = 1 kDa) against a large excess of water for 3 days with an

exchange of water every 12h. Finally, the polymer was freeze dried.

The polymer was characterized in 100mmol L−1 NaCl by angular dependent dy-

namic and static light scattering. The corresponding dynamic and static Zimm plots

are shown in Figure 7.8. Table 7.5 summarizes the hydrodynamic radius Rh, radius of

gyration Rg and the molecular weight obtained from this analysis.

Table 7.5: Results from the light scattering analysis of PA in aqueous 100mmol L−1

NaCl solution.

Polymer Rh/nm Rg/nm Mw/kgmol
−1

PA 26.2± 1.4 43.0± 1.8 340.5± 6.7
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Synthesis of diAzoEt

Synthesis of 1,2-bis(4-(2-bromoethoxy)phenyl)diazene 2 3 g of 4,4’-

dihydroxyazobenzene (14.0mmol), 26.3 g of 1,2-dibromoethane (140mmol) and 8.0 g

of K2CO3 (58.0mmol) were dissolved in 200mL acetonitril. The mixture was heated

under reflux for 48h. The mixture was extracted with hot ethanol (2× 100mL) and

the solution concentrated on a rotary evaporator. The crude product was recrystallized

three times from a mixture of ethanol/propan-2-ol (1:1, v/v), yielding 2 as yellow

needles. Yield: 40.4% (2.41 g, 5.66mmol).
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1 H-NMR (500MHz, CDCl3) δ(ppm) = 7.88 (d, J = 9.0Hz, 4 H) , 7.02 (d, J = 9.0Hz,

4 H), 4.37 (t, J = 6.3Hz, 4 H), 3.68 (t, J = 6.3Hz, 4 H).

Synthesis of 2,2’-((diazene-1,2-diylbis(4,1-phenylene))bis(oxy))bis(N,N,N-trimethyl-

ethan-1-aminium) dichloride 4 A mixture of 1.30 g of 2 (3.04mmol), 100mL of a

4.2mmol L−1 solution of trimethylamine in ethanol and 130mL of acetonitrile was

heated to 60 ◦C and stirred for 48h in a glass pressure bottle. After cooling down,

the mixture was stirred for another 48h at room temperature. The solvent and excess

trimethylamine were removed with a rotary evaporator, the crude product dissolved in

H2O and precipitates removed by centrifugal seperation.

For the ion exchange the aqueous solution of the product was brought onto a column

of Amberlite IRA-402 Cl. H2O was used as an eluent, the eluate was collected and freeze

dried. The product was obtained as a yellow powder after recrystallization (3×) in dry

ethanol. Yield: 71.2% (0.84 g, 2.16mmol)
1 H-NMR (500MHz, D2O) δ(ppm) = 7.91 (d, J = 9.0Hz, 4 H), 7.24 (d, J = 9.0Hz,

4 H), 4.66 (t, J = 4.4Hz, 4 H), 3.91 (t, J = 4.4Hz, 4 H), 3.31 (s, 18 H).

7.5.2 Activation energy of cis −−−→ trans isomerization

The activation energy for the cis −−→ trans isomerization of diAzoEt was measured

by irradiating a sample of diAzoEt (0.5mmol L−1 in D2O) in the trans state with a

UV lamp at 365nm (Spectroline SB-100PA/FB) for at least 30min and consequently

observing the absorbance at 365nm as a function of time. The recorded increase in

absorbance is related to the cis −−→ trans isomerization and is a process of first-order.

It was consequently fitted with an exponential function according to

Abs365nm(t) = Abs365nm(0) · exp (−t · k) +C (7.3)

This experiment was performed at several temperatures ranging from 15 ◦C to 45 ◦C.

The natural logarithm of the obtained rate constant k is plotted as a function of 1T as

shown in Figure 7.10. The slope of the Arrhenius plot yields an activation energy of

88.2± 2.9 kJmol−1.

7.5.3 Molecular volume of diAzoEt and PA

Table 7.6 summarizes the molecular volume of D2O, diAzoEt and PA for a selection of

temperatures. The molecular volume of diAzoEt and PA was determined by measur-
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Figure 7.10: Arrhenius plot for the cis −−→ trans isomerization of diAzoEt in D2O.

ing the densities of PA (or diAzoEt) solutions in H2O at various concentrations. The

apparent molecular volume for a given concentration is calculated by

Vm(c) =
M

d0
− 103

d− d0
d0c

(7.4)

with M being the molar mass of the monomer repeating unit, d0 the density of the

solvent and d the density measured at a given concentration c. Extrapolation of Vm(c)

to c0 yields Vm.

Table 7.6: Molecular volumes for several compounds as a function of temperature.

Compound Temperature /◦C Molecular volume Vm/nm3

D2O 25 0.03011347

45 0.03029147

55 0.03042447

65 0.03058147

diAzoEt (C22H34N4O2

2+)a 25 0.621
45 0.638
55 0.646
65 0.654

PA– /NaPAb 25 0.0587
45 0.0600
55 0.0612
65 0.0630

a Measured molecular volume of the dichloride. b The molecular volume of the anion
and the sodium salt is approximated to be identical.
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7.5.4 Neutron scattering length

The neutron scattering length of the compounds used in the present work are calculated

with the respective values of the molecular volumes given in Section 4 and are listed in

Table 7.7.

Table 7.7: Neutron scattering length for compounds used in the present work.

Compound b/fm

D2O 19.145
diAzoEt (C22H34N4O2

2+) 68.132
PA– (C3H3O2

– ) 20.327
NaPA (C3H3O2Na) 23.957

7.5.5 Form factor models

The scattering curves of the PA-diAzoEt complexes were described by the model of a

homogeneous sphere composed of blobs of swollen polymer chains. This model was

previously used to describe the scattering from block copolymers where the block of

the micelles was partially swollen by the solvent.38

The macroscopic scattering cross-section is given by

dΣ

dΩ
(q) =N

(
4

3
πR3

)2
(∆ρ)2[

nblob (nblob − 1)ψ
2
(
q,Rg,blob

)
· F2sphere (q,R) +

nblobFchain
(
q,Rg,blob

)
nblob2

] (7.5)

with N being the number of aggregates, R the radius of the spherical aggregate and

∆ρ the scattering length density of the aggregate, nblob the number of polymer blobs,

ψ
(
q,Rg,blob

)
is the form factor amplitude of the polymer chain, Fsphere(q,R) the form

factor amplitude of a homogeneous sphere and Fchain(q,Rg,blob) the self-correlation term

of Gaussian chains.

The number of polymer blobs nblobs is given by

nblob =
a1Vsphere

Vblob
(7.6)

with a1 being a scaling factor (fitting parameter), Vsphere the volume of the spherical

aggregate (43πR
3) and Vblob the volume of the blob given by

Vblob =
4

3
πR3g,blob (7.7)
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with Rg,blob the radius of gyration of a blob. Rg,blob is connected to the correlation length

ξ by

Rg,blob = ξ
√
3 (7.8)

The volume and consequently the radius of the sphere is given by

Vsphere = Nagg · Vm (7.9)

with Nagg being the aggregation number and Vm the molecular volume of one polymer

chain. It is defined by the degree of polymerization DP and the molecular volume of

one monomer unit Vm,monomer unit

Vm = DP · Vm,monomer unit (7.10)

The molecular volume of one monomer unit is composed of several contributions

Vm,monomer unit = ZVm,PA− + 0.5ZVm,diAzoEt + (1−Z)Vm,NaPA + hVm,D2O (7.11)

Z is the charge ratio (2[diAzoEt]
[PA] ), Vm,PA− the molecular volume of PA− monomer unit,

Vm,diAzoEt the molecular volume of the diAzoEt dye, Vm,NaPA the molecular volume of

sodium polyacrylate, h the number of water molecules per monomer unit and Vm,D2O

the molecular volume of heavy water.

Similarly the scattering length bmonomer unit of a monomer unit can be defined as

bmonomer unit = ZnPA− + 0.5ZbdiAzoEt + (1−Z)bNaPA + hbD2O (7.12)

The scattering length density ρ is defined as

ρ =
bmonomer unit

Vm,monomer unit
(7.13)

The form factor amplitude of the polymer chain ψ(q,Rg,blob) is given by

ψ(q,Rg,blob) =
1− exp

(
−q2R2g,blob

)
q2R2g,blob

(7.14)

The form factor amplitude of a homogeneous sphere with a radius R is defined as

Fsphere (q,R) = 3
sin (qR) − qR cos (qR)

(qR)3
(7.15)

The self-correlation term of Gaussian chains (Debye function) is given by

Fchain
(
q,Rg,blob

)
= 2

exp
(
−q2R2g,blob

)
− 1+ q2R2g,blob(

q2R2g,blob

)2 (7.16)
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7.5.5 — Form factor models

In order to take into account the size distribution of micelles we assumed a log-normal

distribution of the aggregation number Nagg

p
(
Nagg

)
=

1

H
√
2πNagg

exp

(
− log

(
Nagg −M

)2
2H2

)
(7.17)

where H and M define the distribution and are connected to the mean aggregation

number Nagg and standard deviation σNagg
by

Nagg = exp
(
M+

H2

2

)
(7.18)

σNagg
=
√

exp (H2 + 2M) (exp (H2) − 1) (7.19)

The macroscopic scattering cross-section is therefore

dΣ

dΩpolydisperse
(q) =

∫
dΣ

dΩ
(q)p(Nagg)dNagg (7.20)

In order to be able to describe the scattering from polymer chains where the Flory

exponent is deviating from ν = 0.5 the generalized Gaussian chain form factor can be

used. It is given by40

P(q) =
1

νU
1
2ν

γ(
1

2ν
,U) −

1

νU
1
ν

γ(
1

ν
,U) (7.21)

with U being defined as

U = (2ν+ 1)(2ν+ 2)
q2R2g

6
(7.22)

and γ(a, x) the incomplete Gamma function

γ(a, x) =
∫x
0

ta−1 exp (−t)dt (7.23)

The form factor fits of the small-angle scattering data were done using the SASET

program.48 Instrumental resolution for SANS has been taken into account according

to Reference [49]. The macroscopic scattering function is convoluted with a resolution

function R (q,σq), which depends on wavelength spread, finite collimation of the beam

and detector resolution

dΣ

dΩ smeared
(q) =

∫
R(q,σq)

dΣ

dΩ
(q)dq (7.24)

We took into account the instrumental resolution for all points from each detector con-

figuration and merged the data only for final representation. This approach does not

involve truncation of the data in the region of overlapping q, which leads to a larger

number of available data points in the analysis.
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Figure 7.11: SANS profiles of PA-diAzoEt complexes after two illumination and re-
assembly cycles at 45 ◦C.

7.6 Reversibility of structure formation

Figure 7.11 shows the SANS curves of PA-diAzoEt after two illumination and reassem-

bly cycles at 45 ◦C. The data overlap perfectly, indicating reversibility of the process.

7.6.1 Aggregation kinetics

Figure 7.12, 7.13 and 7.14 show 3D plots of the aggregation kinetics at 45 ◦C, 58 ◦C and

66 ◦C.

A selection of scattering curves including the fit with the form factor model of a

mixture of free polymer chains and PA-diAzoEt complexes at 58 ◦C and 66 ◦C are shown

in Figure 7.15A and 7.16A. The radius of gyration Rg and forward scattering I0 obtained

from a Guinier analysis at low q is shown in Figure 7.15B and 7.16B.

196
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Figure 7.12: 3D plot of the SANS data of the aggregation kinetics at 45 ◦C.
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Figure 7.13: 3D plot of the SANS data of the aggregation kinetics at 55 ◦C.
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Figure 7.14: 3D plot of the SANS data of the aggregation kinetics at 65 ◦C.

7.6.2 Correlation of Rg and I0

The correlation between Rg and I0 obtained from a Guinier analysis at 58 ◦C and 66 ◦C is

shown in Figure 7.17. Similarly as for the data at 45 ◦C presented in the main manuscript

two characteristic slopes can be identified: A slope close to 1
3 and one close to 1

6 .
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7.6.3 — Kratky plots
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Figure 7.15: A Selected SANS profiles of PA-diAzoEt complexes reforming after irradi-
ation at 58 ◦C. The solid lines represent fit to the model of a mixture of free polymer
chains and complexes. B Forward scattering I0 and radius of gyration Rg as a function
of time for the reforming PA-diAzoEt complexes at 58 ◦C.

7.6.3 Kratky plots

In order to elucidate whether the structures in the beginning of the aggregation can

already be considered as dense homogeneous spheres we plotted a selection of scatter-

ing curves in the Kratky representation P(q)(q · Rg)2 as a function of q · Rg in Figure

7.18A. The data cover the scattering curves from the aggregation kinetics at 45 ◦C from

71min to 85min (step II). The maximum in the Kratky representation is typical for

dense objects with characteristic form factor oscillations. Moreover, a selection of three

scattering curves covering step III of the aggregation are plotted in Figure 7.18B.
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Figure 7.16: A Selected SANS profiles of PA-diAzoEt complexes reforming after irradi-
ation at 66 ◦C. The solid lines represent fit to the model of a mixture of free polymer
chains and complexes. B Forward scattering I0 and radius of gyration Rg as a function
of time for the reforming PA-diAzoEt complexes at 66 ◦C.
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Figure 7.17: A and B Double logarithmic plot of the radius of gyration Rg and the
forward scattering I0 obtained from Guinier analysis of the aggregation kinetics 58 ◦C
(A) and 66 ◦C (B).
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the aggregation process at 45 ◦C. The solid lines are fits using the form factor model of
a mixture between free chains and spherical aggregates.
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