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Abstract
In the last years, nanomaterials have become more and more important in everyday life for a wide range of applications from medicine and information storage
to sunscreens and cosmetics. Among the different strategies to form nanomaterials, self-assembly is scientifically and technologically interesting since it is the
favourite process in nature to form functional materials and it yields to an incredible range of different structures. Despite its success, the nanoparticle formation
process, the relationships of nanoparticle structure and functionality, nanoparticle stability and many other basic aspects remain not fully understood.
In the present work, the electrostatic self-assembly of positively charged polyelectrolytes and oppositely charged organic dyes into supramolecular assemblies
is presented. The model system consists of cationic polyamidoamine dendrimers
of different generations and anionic di- and trivalent dyes. Different interactions
occur leading to the formation of the supramolecular nanoparticles: electrostatic
interaction between the building blocks, mutual π-π interaction between the dye
molecules and geometrical effects. Stable and well-defined nanoparticles form
in solution. Under focus is the interplay of electrostatic and π-π interaction and
its effects on the self-assembly and on the nanoparticle structure. The structural
characterisation consists of scattering methods such as static and dynamic light
scattering and small angle neutron scattering and of atomic force microscopy. The
nanoparticle charge has been studied via ζ-potential measurements. The interaction thermodynamics has been investigated using isothermal titration calorimetry, while the dye stacking due to the π-π interaction has been studied via UV-Vis
iii

iv
spectroscopy.
Well-defined nanoparticles with dimensions from few tens of nanometers to microns and shapes ranging from simple spheres to more complex elongated structures are formed in solution by simple mixing of appropriate building blocks. The
role of the electrostatic and the π-π interaction has been studied changing the solution pH and ionic strength while studying at the same time the thermodynamics of the self-assembly. The aggregation free energy exchange can be divided
in two terms: one describing the electrostatic interaction and the other describing the π-π interaction. We have shown that the electrostatic one is responsible
for nanoparticle stabilisation and size, while the π-π one determines their shape.
Strong π-π interacting dyes result in elongated nanoparticles, while weak interacting ones result in spherical aggregates.
Nanoparticles that can be controlled by external stimuli, as for example light,
have been realised by using a dye that trans-cis isomerize upon irradiation. Nanoparticles with light-tuneable shape have been obtained using acid yellow 38 as
counterions and poly(diallyldimethyl-ammonium chloride) as polyelectrolyte. In
this case, flexible cylinders with elliptical cross-section form before irradiation,
while the system exhibits core-shell ellipsoids after irradiation.
To conclude, this study brings new insights into the factors controlling the nanoparticle stabilisation, shape and dimensions in electrostatic self-assembly. In
particular, it proves that the thermodynamics of interaction occurring in the selfassembly has a fundamental role. From these results, it will be possible to predict
nanoparticle shapes knowing only the thermodynamic parameters for the interaction of the chosen molecular building blocks. Thus, a precise molecular design
of the dye molecule (i.e., choosing appropriate substituents) will allow tailoring
the structure of the nanoparticles. Hence, fundamental steps in developing a box
of molecular “building bricks” allowing for a targeted structural design are made.
This may, for example, be of potential in the development of novel self-assembled
photocatalysts or smart therapeutic carrier systems.

Kurzzusammenfassung
Während der letzten Jahre gewannen Nanomaterialien zunehmend an Bedeutung: Ihre Anwendungen reichen von der Medizin bis hin zur Datenspeicherung
und zur Kosmetik. Unter den verschiedenen Strategien zur Herstellung von
Nanomaterialien stellte sich das Konzept der Selbst-Assemblierung als wissenschaftlich und technologisch interessante Methode heraus, insbesondere da dieses
Vorgehen von Vorgängen in der Natur inspiriert ist und eine Vielzahl verschiedener Strukturen erzielen kann. Trotz der weit-reichenden Anwendung sind die
Bildungsprozesse von Nanopartikeln, deren Stabilität und der Zusammenhang
von Struktur und Funktionalität noch nicht voll-ständig verstanden.
In der vorliegenden Arbeit wurde die elektrostatische Selbst-Assemblierung von
positiv geladenen Polyelektrolyten und entgegengesetzt geladenen organischen
Farbstoffen in supramolekulare Aggregate untersucht. Das untersuchte Modellsystem bestand aus kationischen Poly(amido amin)-Dendrimeren verschiedener
Generationen und anionischen di- bzw. trivalenten Farbstoffen. Die Assoziation in stabile und definierte supramolekulare Aggregate erfolgte hier auf der
Grundlage verschiedener Wechselwirkungen: elektrostatische Interaktion zwischen den Bausteinen, π-π Wechselwirkungen der Farbstoffe sowie durch den Einfluss geometri-scher Effekte. Im Fokus der Arbeit stand dabei das Zusammenspiel von elektrostatischen und π-π Wechselwirkungen und dessen Effekt auf den
Selbst-Assemblie-rungsprozess und die Nanopartikel Struktur. Die strukturelle
Charakterisierung erfolgte mittels verschiedener Streumethoden, darunter statische und dynamische Lichtstreuung, Neutronen-Kleinwinkelstreuung sowie Rasv

vi
terkraftmikroskopie. Die Stabilisierung der Nanopartikel durch Ladungen wurde
durch ζ-Potential Messungen untersucht, während die Thermodynamik der Bindungsprozesse mittels Isothermer Titrationskalorimetrie und die π-π Wechselwirkungen der Farbstoffe mittels UV/Vis Spektroskopie analysiert wurden.
Durch einfaches Mischen von geeigneten Bausteinen in wässriger Lösung bilden
sich definierte Nanopartikel mit Dimensionen von wenigen Nanometern bis hin
zu Mikrometern und vielfältigen Formen von einfachen kugelförmigen bis hin zu
komplexen, elongierten Strukturen. Der Einfluss von elektrostatischen und π-π
Wechselwirkungen auf Strukturbildung und thermodynamische Bindungsprozesse wurde durch Änderung von pH Wert und Ionenstärke der Lösung untersucht. Die freie Energie der Aggregation bestand dabei aus zwei Beiträgen: zum
einen der elektrostatischen Wechselwirkung und zum anderen der π-π Wechselwirkung. Wir konnten zeigen, dass der elektrostatische Beitrag für die Stabilisierung und Größe der Nanopartikel verantwortlich ist, während die π-π Wechselwirkungen die Form der Nanopartikel bestimmen. Dabei resultieren aus starken π-π Wechselwirkungen elongierte Nanopartikel, während schwache Wechselwirkungen zur Bildung von kugelförmigen Aggregaten führen.
Nanopartikel, die durch äußere Einflüsse wie Licht kontrolliert werden können,
konnten durch Farbstoffe mit der Fähigkeit zur trans-cis Isomerisierung hergestellt werden. Dabei ergaben sich Nanopartikel mit Licht-responsiver Form aus
Acid Yellow 38 und Poly(diallydimethyl ammonium chlorid) als Polyelektrolyt.
Vor der Bestrahlung der Aggregate konnten hier flexible Zylinder mit elliptischem Querschnitt beobachtet werden, während nach der Bestrahlung elliptische
Core-Shell Strukturen entstanden.
Zusammenfassend ermöglicht diese Arbeit neue Einblicke in die Faktoren, welche
für die Nanopartikel Stabilisierung, deren Form und Größe verantwortlich sind.
Insbesondere konnte gezeigt werden, dass der thermodynamische Einfluss der
Wechselwirkungen eine fundamentale Rolle zur Bildung der Aggregate durch
elektrostatische Selbst-Assemblierung spielt. Ausgehend von diesen Ergebnissen
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wird es in Zukunft möglich sein, die Form von Nanopartikeln vorauszusagen,
wenn die thermodynamischen Parameter der Wechselwirkung der Bausteine bekannt sind. Die Struktur der Nanopartikel kann damit durch präzises Design der
molekularen Strukturen der Farbstoffe gesteuert werden. Folglich erzielte diese
Arbeit fundamentale Schritte in der Entwicklung einer Werkzeugkiste molekularer Bausteine, die das gezielte, strukturelle Design von Nanopartikeln ermöglicht.
Damit können selbst-assemblierte Strukturen entstehen, welche großes Potential
als Photokatalysatoren oder intelligente therapeutische Transportsysteme zeigen.
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Chapter 1 Introduction
1.1

Self-Assembly

Self-assembly is the autonomous organization of building blocks into order aggregates without human intervention [1]. Since the first example in 1967 from
Charles J. Pedersen [2], the concept of self-assembly has attracted many scientist
because the ability of molecules to recognize each other and to form well-defined
complexes lies at the basis of many biological processes. The remarkable importance of this concept has been recognized in 1987 when the Nobel prize was
awarded to Pedersen, Jean-Marie Lehn and Donald J. Cram for their pioneering
work. Supramolecular chemistry was defined by Lehn as the chemistry of the intermolecular bound [3], hence, supramolecular self-assembly is based on non-covalent
interaction.
In the early stages, the formation of host-guest complexes, dimers or the binding
of host molecules to bulk material were the central theme of the research in this
field as it is clear from the work of the the three Nobel laureate scientist. Under
focus was the synthesis of organic compound of low molecular weight mostly designed to specifically and selectively bind other molecules [4; 5]. The factors that
determine the ability of the molecules to recognize each other and fit into one
another like a key fits a lock were elucidated. Hence, host-guest complexes or
enzyme-like complexes (one or more compounds of low molecular weight bind
to a specific region in a bulk compound) were formed [6]. In the last decade,
self-assembly has proven itself as a route to produce nanoparticles; therefore, the
1

2
interest has shifted from aggregates of few molecules towards the nanoscale. In
his editorial in the 2014 special issue of Angewandte Chemie completely dedicated
to nanotechnology, nanomaterials, nanotoxicology and nanomedicine, Younan
Xia asks if we are entering the nano era stating that nanotechnology has become
ubiquitous in our everyday lives, from medicine and information storage to sunscreens
and cosmetics [7]. However despite the large success of the nanoscience, the nanoparticle formation process, the relationships of nanoparticle structure and functionality, the interplay of different interactions, nanoparticle stability and many
other basic aspects remains not completely understood. Indeed, in the same editorial Xia stresses that many nanomaterials have a long way to go to move from the lab
to industrial application, because the production of precisely defined nanoparticles on an
industrial scale is extremely difficult.
Different strategies have been designed to form nanoparticles. Among them, selfassembly is scientifically and technologically interesting. First of all, it has a central importance in life: the cell contains an incredible amount of complex structure
formed by self-assembly such as lipid membranes, folded proteins, structured
nucleic acids, protein aggregates or molecular machines [8].
Secondly, self-assembly occurs in systems with great potential for use in materials and condensed matter science [9]; for instance, great potential lies in natureinspired nanosystems that can be used in drug delivery [10; 11].
In addition, self-assembly is extremely versatile since simply choosing different
building blocks and/or different interactions a wide range of different systems
can be formed. It has crucial importance for the formation of molecular crystals
[12], colloids [13], supramolecular polymers [14] or monolayers of different components [15].
All these properties make self-assembly one of the most general strategies available for forming nanoparticles that are of interest in a wide range of fields, from
chemistry, biology to material science and nanoscience. Often, it shows all the requirement for practical application: it is economic, easy-controlled and fast. For
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example, self-assembled colloids are often use as solvents, supramolecular polymers are used as adhesives, in printing, in cosmetics, in the field of personal care
or as coatings.
Last but not least, philosophically the concept of order created from disorder
has always fascinated the humans and self-assembly is one of the main route
to achieve such an objective.
Sometimes, the self-assembly is divided into two similar and at the same time
different main categories: dynamic and static self-assembly [16]. To the first belong all the systems, as many of biological origin, where the assembled structures
require to dissipate energy in order to prevent degradation. For instance, this is
the case of biological cells. Instead, the second groups all the systems that are
at global or local equilibrium and do not require energy dissipation as for example globular proteins. Often, static self-assembly requires energy in order to
form assembled structures, however after nanoparticle formation the system is
thermodynamically at equilibrium. Hence, the free energy gain on structure formation must be significantly higher than the thermal energy in this cases. It must
be noted that this definition does not separate spontaneous and induced selfassembly, it is only based on the stabilization of the self-assembled structures.
Herein, I will focus on equilibrium self-assembly analyzing the driving forces and
the connections between building blocks and nanoparticle final structure. Unveiling these fundamental relationships is crucial to tailor the nanoparticle shape for
specific application and to design new route for nanoparticle formation. This is
particularly important since understanding the structure is often the key to understand the function. In addition, there is a lack in understanding how the thermodynamics of the interaction between the building blocks acts on self-assembly
in more complex systems than the amphiphilic ones.

4

1.2

Strategies for Equilibrium Self-Assembly

Before describing in details the concept and the objective of the PhD project, an
analysis of the different approaches and of the different interactions used to perform supramolecular self-assembly is needed. Only a multidisciplinary approach
comparing the different self-assembly strategies to find similarities and differences can lead to the understanding of the fundamental principles behind selfassembly and provides the possibility for developing new self-assembly routes.
In addition, unveiling the basic relationship of building block interactions with
nanoparticle morphology and function from the molecular to the supramolecular
scale is of fundamental technological importance. Scientifically, understanding
how the thermodynamics of the system affect the self-assembly general principles is challenging.
Self-assembled structures can be formed using different interactions: hydrophobic interactions, hydrogen bonding, metal coordination, ionic interactions, π-π
interaction and their combination. Nanoaggregates with size ranging from few
nanometers as in the case of π-stacked dye dimers [17] to macro meters as in the
case of the flat discs obtained in salt-free cationic surfactant solutions can be obtained selecting appropriate building blocks [18]. In the following the different
interactions that can be used in self-assembly will be discussed.

1.2.1

Hydrogen Bonding

A hydrogen bond is a weak type of force that forms a special type of dipole-dipole
attraction which occurs when a hydrogen atom bonded to a strongly electronegative atom exists in the vicinity of another electronegative atom with a lone pair
of electrons. These bonds are generally stronger than ordinary dipole-dipole and
dispersion forces, but weaker than true covalent and ionic bonds. Due to its selectivity and directionality, it is widely used in supramolecular self-assembly combining appropriate molecules. In addition, the formation of hydrogen bounds is
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reversible and depends on the chemical environment such as the solvent, hence
the nanoparticle physical properties determined by the hydrogen bounds can be
directly controlled varying the external parameters [19; 20; 21].
The hydrogen bond is at the base of the formation of many systems in biology.
Among the others, nucleoside such as guanine and its derivatives have been
successfully used since 1962 when hydrogels made by 5’-guanosine monophosphate have been formed [22]. The self-complementary hydrogen bonding edges
and aromatic surfaces of the guanosine derivatives make them perfect to selfassociate; different structures can be formed controlling the conditions [23]. It is
well known that nucleosides are part of the nucleotides and that the latter are the
molecular building-blocks of DNA and RNA. Therefore, the specific bonding of
DNA base pairs not only provides the chemical foundation for genetics, but it
can be used in nanotechnology to direct the assembly of highly structured materials with specific nanoscale features. More than two decades ago, the first artificial DNA structure was realized: a stick-cube, whose edges were double helices
[24]. Along the years, DNA has proved to be a versatile building block for programmable construction of complex structures as for example two-dimensional
crystals [25], nanotubes [26; 27; 28], and three-dimensional wire-frame nanopolyhedra [29; 30; 31]. In the last years, Douglas et al. have realized custom threedimensional shapes formed as pleated layers of helices constrained to a honeycomb lattice [32].
One limitation in this approach is the strength of the hydrogen bounding: the
more polar the solvent is, the weaker the hydrogen bonds are because of the increasing competitive solvation of donor and acceptor sites by solvent molecules
[33]; a single hydrogen bond possesses a considerable binding energy only in
unpolar, aprotic solvents such as hexane or toluene. Stable supramolecular assemblies can be obtained in more polar solvents such as chloroform or acetonitrile by a combination of several such weak interactions in binding motifs with
multiple hydrogen bonds. Triple hydrogen-bonding motifs have been studied ex-
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tensively in the past by the research groups of Whitesides [34; 35], Zimmermann
[36], and Meijer [37]. In the last years, quadruple hydrogen bonding motifs have
been formed [38]. This concept is very powerful since, in addition to the heterodimerization reachable with the triple hydrogen bound motive, it gives rise to
two arrays capable of homodimerization [39].
The attachment of more than one binding motif to oligomer or polymer chains
enables new applications in the field of polymer chemistry and material science
to emerge. These binding motifs not only results in dimerization but also in
supramolecular polymerization: a sort of supra-polymerization [40]. In contrast to
conventional polymers in which the macromolecular chains consist of covalently
and hence irreversibly connected monomer units, supramolecular polymers only
demonstrate their polymeric properties by the self-association of the corresponding binding motifs [41; 42]. This is a first step towards intelligent materials with
tailor-made properties. The first reversible homopolymer based on this principle was realized by Meijer et al.: compounds with association number of more
than 500 have been formed in chloroform [14]. Relying on this concept, polymers
with a wide range of structures have been realized combining different building blocks. For example, in 2013 a complex polymeric architecture based on a
block copolymer with a cylindrical brush block and a single-chain polymeric nanoparticle block folded due to strong intramolecular hydrogen bonds has been
obtained [43]. As a H-bonding moiety, the ureido-pyrimidinone (UPy) group
has been used due to its ability to form strong, reversible, quadruple hydrogen
bonds [14]. This group is used in a wide range of self-assembly-based application
[44; 45]. These results are of special relevance since cylindrical brushes are used
as building blocks whose represent a new class of polymeric materials that feature self-assembly on mesoscales, ultra-soft elastomers, intramolecular mechanochemistry, lubrication of cartilage, and mucus clearance in lung airways.
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Metal Coordination
A coordination complex or metal complex is composed of a central atom or ion,
which is usually metallic and a surrounding array of bound molecules or ions.
The term coordination refers to the coordinate covalent bonds (i.e. dipolar bonds)
between the ligands and the central atom. In a typical complex, a metal ion is
bonded to several donor atoms, which can be the same or different species.
Since 1990, this strategy has been largely applied in self-assembly. For example, Lehn [46], Raymond [47] and Albrecht developed and explored the selforganization of supramolecular helicates [48]. In particular, Lehn demonstrated
that, in the presence of Cu1 ions, mixtures of oligobipyridine strands containing
between 2 and 5 bipyridine units self-organize into double helicates exclusively
composed of oligobipyridine strands of the same length.
Along the years, after proving the possibility of using metal coordination motifs
as effective self-assembly strategy, the research has shifted towards the mimicking of biological material properties in order to realize new polymer materials
with property-control design. For example, K. Y. C. Lee, inspired by the ironbinding catechol-rich proteins secreted during self-assembly of the self-healing
mussel holdfast threads [49], has demonstrated how dilute low viscosity aqueous solutions of catechol-modifed polyethyleneglycol (PEG) polymers and FeCl3
changes to strong viscoelastic fluids following a basic pH jump due to instant Fe3+
catechol coordination crosslinking [50]. The coordination-crosslinked polymer
networks display elastic moduli approaching covalently crosslinked hydrogels
under high strain rates with complete recovery after failure. Since several metals
in addition to iron are utilized by marine and terrestrial invertebrates to control
the mechanical properties of secreted catechol-rich polymeric materials via coordination based crosslinking [51], vanadium, iron and aluminum salts and simple
catechol-modifed PEG polymers have been used showing that metal-ion identity provides remarkable control over hydrophilic metal-coordinating polymer
mechanics by dictating crosslink dynamics [52]. Metal-coordination provides the
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opportunity to tune viscoelastic properties of hydrophilic polymer materials over
several orders of magnitude purely by the simple choice of coordinating metal
ion identity (Figure 1.1). These results highlight the importance of bio-inspired
metal-coordination system to gain control over material properties.

Figure 1.1: Three different trivalent metal ion cross-linkers are used to establish three different
polymer networks. The rheological properties of the networks are different. [52]

1.2.2

Hydrophobic Effect

The hydrophobic effect arises when low water-soluble molecules called hydrophobes
are put into water. This effect tends to clump up together the molecules instead
of uniformly distribute them in water to minimize the contact with the solvent.
This occurs because interactions between the hydrophobic molecules enable the
displaced water molecules to make hydrogen bonds more freely with each other
and increase the number of hydrogen bonds they are involved with. This results
in the decrease of the overall free energy. More precisely, the hydrophobic effect
is an extreme case of solution non-ideality. This is expressed by the very high
values of the molar excess free energy of the solute (i.e., the difference between
the chemical potential of the solute and its chemical potential had the solution
been ideal).
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A number of self-assembly processes are driven by the hydrophobic effect, including micelle, vesicles and bilayers formation [53; 54], or protein folding [55].
When amphiphiles are added in solution there is a favorable free energy associated with the coming together of the hydrophobic tails. Their aggregation is
accompanied by a large anomalous positive entropy change peculiar to water
[56].
The typical, but nevertheless important, example of self-assembly based on hydrophobic effect is the surfactant one. These molecules are amphiphilic and selfassemble once dispersed in solution achieving segregation of their hydrophobic
parts from water [57]. The aggregates may be spherical, globular, or rodlike or
have the structure of spherical bi-layers depending on the type of surfactant and
on solution conditions. Vesicles are valuable both in biological science to reproduce the cell wall and to study the behaviour of the membrane proteins and in
pharmaceutical science as perfect system for drug delivery. The self-assembly
behaviour can be described using the concept of molecular packing parameter,
introduced by Israelachvili, Mitchell and Ninham [58; 59; 60]. This is based on
geometrical considerations taking into account the volume and the length of the
surfactant tail and the equilibrium area per molecule at the aggregate surface. Unfortunately, this parameters is useful to explain the observed structures, but has
a very limited predictive power since it is almost impossible to know the equilibrium area per molecule a priori. The calculation of the free energy required to
form an equilibrated structure is required to gain a deep understanding of surfactant self-assembly.
Over the last few years, the interest has shifted towards more complex systems
in order to mimicking biological structures, to form new and more stable structures and to generate biocompatible and bioactive drug delivery systems. Polymeric systems with enhanced biofunctionality such as amphiphilic block copolymers that can act as mimetic for biological membranes are one of these new systems. Polymer hybrid materials are promising for applications in biomedicine

10
and biotechnology since there are virtually no limits to combinations of monomers,
biologic and synthetic building blocks. The design of (amphiphilic) block copolymers is one of the oldest and most researched themes in polymer chemistry and
substantial progress has been made over the last 20 years. Historically, these systems where formed joining together two segments (one hydrophobic and one hydrophilic) through a carbon-carbon single bond and they can thus not be cleaved.
More recently, new amphiphilic block copolymers have been obtained linking the
two segments via a weaker linkage offering the opportunity for disassembly in
response to an external trigger such as temperature or a change of pH [61]. These
systems are of specific interest for nanoengineering and nanoscience. These linkage points include covalent ones (for example Diels-Alder or hydrolysable units,
as well as photocleavable moieties) and supramolecular systems, for example
those based on hydrogen bonding motifs, metal complexes, or host–guest systems [62; 60]. Replacing lipids with high molecular weight block copolymers
results in thicker, less permeable, and mechanically more stable membranes and
vesicles [63].
Recently, functional membrane proteins have been incorporated into polymer
membranes, opening a wealth of new approaches to confer bioactivity to these
containers. Polypeptide-based block or graft copolymers that can self-assemble
to form various structures such as micelles or vesicles have been extensively studied due to their advantages, including biocompatibility, stimuli-responsiveness,
and possessing the essential structures and functions of proteins [64; 65; 66; 67].
Polypeptides that adopted an ordered conformation such as α-helices or β-sheets
would influence the amphiphilic nature and morphology of the assemblies [68;
69]. For polymer vesicles, the molecular assembly and amphiphilic nature of the
polymer chains in the membranes would dictate their membrane permeability,
which is essential for applications such as drug delivery and protein encapsulation [70; 71]. For instance, Chen and co-workers and Song and co-workers presented recently suitable system consisting of self-assembled vesicles made of am-

Chapter 1.

Introduction

11

phiphilic copolymers [72; 73]. In particular, Chen reported the synthesis of alkyl
chain-grafted poly(L- lysine) (PLL) that can self-assemble to form vesicles with
different chain conformations and sizes, which were controlled by the degree of
substitution and alkyl chain length. The interplay between the hydrophobic interaction and the conformational changes upon alkyl chain substitution determines
their molecular assembly and amphiphilicity and, subsequently, their membrane
permeability. In addition, they can be conjugated with functional ligands and
stabilized by genipin- cross-linking, making them potentially useful for applications in drug delivery and biomimetic encapsulants. Using doxorubicin (DOX)
as model drug for encapsulation, Chen showed that the drug release rate was
accelerated due to the increase in membrane permeability as the pH decreases.
In addition, the water solubility of DOX molecules increased at acidic condition.
Despite the interest of this approach, at the moment self-assembled nanoparticles
are prone to disintegration and structural change upon application in a different
environment. Moreover, the synthesis via self-assembly is generally lacking in
control over the size, porosity, and thickness of the shell. Hence, different synthesis route are often used to produce systems for drug-delivery application such
as inverse miniemulsion periphery RAFT polymerization [74]. However, great
potential lies in self-assembly based on hydrophobic effect.

1.2.3 π-π Interaction
The name π-π interaction indicates the interaction occurring between an electronrich π system of a molecule and either a metal (cationic or neutral) either an anion
or, most of the times, another π system [75]. This interaction has key importance
in biological process such as protein-ligand recognition [76].
Due to its importance in biological systems, the π-π interaction has been widely
used for self-assembly. For instance, dyestuff aggregation based on π-π interaction in aqueous solution shows striking analogies to protein aggregation and
may serve as a simple synthetic model system for the reversible polymerization
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in physiological systems like the growth of actin strands in the cytoskeleton [8]
or like protein fiber formation in protein folding diseases, such as Alzheimer’s
disease [77]. In the case of two different cationic dye mixture, the self-assembly
leads to the formation of micelle-like mixed entities that can be converted into
well-defined worm-like nanoparticles upon addition of Mg2+ ions [78].
In addition, π-π stacking between π donors and π accepting ring systems can
govern the self-assembly of a variety of complexes and interlocked molecular
compounds such as catenanes and rotaxanes in both the solid and solution states
[79].
Despite the wide use as self-assembly strategy, π-π interaction is still not fully
understood on the theoretical level. The molecular parameters defining the interaction strength are still discussed, in particular when substituents are present
at the aromatic rings. In the early 1990s, qualitative ”ground rules” for understanding and anticipating aromatic-aromatic interactions have been established
by Hunter and Sanders [80; 81; 82; 83]. Polarized aromatic π-systems and general electrostatic arguments, such as the interaction of two quadrupole moments,
have been used. Indeed, the π electron density on most aromatic rings creates a
quadrupole moment with partial negative charge above both aromatic faces and
a partial positive charge around the periphery. Two such quadrupole moments in
proximity should not stack in face-centred parallel geometry in favor of perpendicular edge-to-face interactions or off-centred parallel stacking. The Hunter and
Sanders model predicts that the situation is entirely different when one member
of an aromatic pair possesses a strongly electron-withdrawing group that polarize the π electron density away from the aromatic core relative to an underivatized aromatic molecules. A reversal in the direction of the overall quadrupole
moment results in a central area of relative electron deficiency, thereby setting
the stage for electrostatic attraction with a more electron-rich aromatic, leading to
a preference for face-centred pairing [84]. Despite good success in describing the
general π-π interaction, the Hunter and Sanders model fails to describe the situa-
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tion when more than one substituent is present in the aromatic rings or when both
the interacting systems have substituents. Indeed, when applied to more complex
systems beyond monosubstituted benzene rings, expectations based on these πpolarization viewpoints cannot be reconciled with accurate computational data
[85; 86; 87; 88]. Wheeler has introduced a new model capable of a better description of the π-π interaction in the presence of substituents [89]. In essence, local,
direct interactions between the substituent and the closest vertex of the other ring
have been considered. Three general rules have been suggested:
• Additivity of substituent effects in stacking interactions, regardless of the
ring to which the substituents are attached, as long as local, direct interactions are conserved.
• Transferability of substituent effects between different stacking interactions
in which the local, direct interactions are congruent; i.e. substituent effects
are unaffected by the presence of heteroatoms in either the substituted or
nonsubstituted ring, as long as the local, direct interactions are unaltered.
• In π-π stacking interactions in which both rings bear substituents, the substituent effects depend on the relative position of the substituents.
This model suggests that substituent effects in π-π interactions between complex
aromatic systems can be understood in terms of individual, local interactions.
Such an approach provides a simple view of tackling substituent effects in large
aromatic systems with multiple heteroatoms and many substituents than traditional models based on π-polarization do. For example, studying the strengths of
the stacking interaction in the case of meta- and para-substituted N-benzyl- 2-(2fluorophenyl)pyridinium bromides, the electrostatic interaction of the polarized
atoms associated with more polarized substituents was shown to dominate the
geometries and energetics of stacked systems [90].
However, considering only the local, direct interaction of the substituent and the
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closest vertex of the other ring is not always sufficient to understand and predict the π-π interaction strength. For example, substituents may introduce steric
effects resulting in a change of the planarity of the π system and, hence, of the
interaction strength and stacking [91]. This issue is of crucial importance for the
application of π-π interaction for self-assembly since it does not permit a simple
and univocal control on the process just controlling the π-π interacting molecules.
Indeed, great potential lies in the understanding of the relation of the π-π interaction and the supramolecular assembly structural properties such as shape or dimensions. For example, π conjugated molecules have advantages due to optical
properties and structural controllability, therefore, they are extremely potential
for applications in organic light- emitting diodes (OLEDs), fluorescent sensors,
or biological imaging [92; 93]. In the case of aggregation-induced emitters such
as self-assembled N,N’-bis(salicylidene)-p- phenylenediamine derivatives, it has
been shown that the π-π interaction strength and, more precisely, the different
electron-donor substitutions controls the color emitted by the nanoparticles and
their nanostructure [91]. Understanding the relations of the molecular structure,
the molecular interactions, the nanostructure and the nanoparticle properties is
crucial to develop new materials and to predict properties in new and different
systems.

1.2.4

Electrostatic Interaction

Another route for nanoparticle self-assembly is based on electrostatic interaction.
The process is based on Coulomb interaction between building blocks, and hence,
the only requirement is their ionicity. Despite the simplicity of the concept, electrostatic self-assembly is far from being completely understood: control over nanoparticle properties, dimensions and shape is still missing in many cases. This
is in difference to the well-understood self-assembly based on hydrophobic effect. However, the only requirement to form electrostatic self-assemblies is the
building blocks to be charged and it can be easily performed in polar solvent in
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difference to hydrogen bounding based self-assembly. Hence, it is a very versatile
concept and many substantially different kind of molecules can be used. For example, polyelectrolytes, charged polypeptides, DNA, charged surfactants, lipids
and charged dyes have been successfully combined. In addition, building blocks
with distinct geometrical shape, functionality and that can interact with different secondary interactions can be used due to the non-selectivity and long range
of the Coulombic force. Faul and Antonietti define it as a ”real supramolecular
chemistry” [94]. Different secondary interaction can be used:
• geometric constrains induced by the well-defined shape of building blocks
such as oligopeptides, inorganic clusters or geometric multivalent counterions;
• π − π interaction and anisotropic polarizability as in the case of charged
dyes;
• hydrophobic effects for charged surfactants and lipids;
Historically, the combination of ionic interaction and amphiphilicity has been
widely investigated for the formation of solid materials with different structures.
Antonietti, Thünemann and others have studied polyelectrolyte-surfactant assemblies [95; 96; 97], while more recently, Faul et al. have focus on the selfassembly of dye-surfactant systems [94; 98; 99]. Mesoporous silicas with variable pore size and architecture were made by using aqueous solutions of block
copolymers with one polyelectrolyte block (ionic block copolymers) as templates
in a sol-gel process [100].
A fundamental case is the so-called layer-by-layer deposition of oppositely charged
polyelectrolytes where a surface is alternately exposed to the polyelectrolytes.
This leads to the formation of stable polyelectrolyte films or capsules [101; 102].
Recently, an high performance polymer solar cell has been reported based on a
large-area cathode interlayer with controlled film composition, uniformity, and
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thickness under a nanometer scale obtained using an electrostatic layer-by-layer
self-assembly process [103]. On the opposite, kinetically controlled structures
with only low degree of ordering forms when oppositely charged polyelectrolytes
are combined in solution [104; 105].
As in the other self-assembly strategies, in the last years the interest has shifted towards the formation of nanoparticles in solution. When polyelectrolytes are combined with counterions without a particular geometry such as inorganic ions or
small monovalent organic ions, polyelectrolyte effects arise such as the structuring
of polyelectrolytes in salt free solution [106], changes in viscosity [107] or a special diffusion behavior [108; 109]. Structures domains presenting higher particle
density are formed, however there are still large distances between the polyelectrolytes and this is different to the close association desired for the formation of
supramolecular nanoparticles. The association of macroions and inorganic counterions has been successfully used to build organic-inorganic hybrid nanoparticles in aqueous solution [110; 111]. For example, a polyelectrolyte of a certain
geometry can interact with oppositely charged metal ions; the latter accumulates
inside and around it. These metal ions can, in a second stage, chemically transformed in an inorganic nanocluster with the polyelectrolyte as template. This
principle was first demonstrated by Antonietti, Gröhn and at al. for the formation of gold and iron oxide colloids with ”non-classical shape” [110].

1.3

Electrostatic Interaction in Colloidal Systems

When a colloidal particle is immersed in an electrolyte solution, it is usually
charged due to adsorption of ions on the particle surface or to the ionization
of dissociable groups on the surface. In solution, the counterions tend to approach the particle surface and to neutralize the particle surface charges to some
extend. However, the thermal motion of these ions prevents their accumulation
and hence a counterions cloud forms around the charged nanoparticles in so-
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lution. In the ionic cloud, the concentration of counter ions becomes very high
while the one of the coions is very low. Hence, an electrostatic layer is formed
around the colloidal particles. The electric potential ψ(r) at position r outside the
particle can be calculated starting from the charge density ρel (r) by the Poisson
equation:
∆ψ(r) = −

ρel (r)
r 0

(1.1)

Where ∆ is the Laplacian and r the relative permittivity of the electrolyte solution and 0 the permittivity of vacuum. If the distribution of the electrolyte ions
ni (r) obeys to the Boltzmann’s low, the charge density ρel (r) can be written as
[13]
ρel (r) =

N
X

zi eni e−

zi eψ(r)
kT

(1.2)

i=1

Hence, we can write
N
zi eψ(r)
1 X
∆ψ(r) = −
zi eni e− kT
r 0 i=1

(1.3)

For low potential, it becomes

with

∆ψ = κ2 ψ

(1.4)

N
1 X 2 2 1
z e ni ) 2
κ=(
r 0 kT i=1 i

(1.5)

Equation 1.4 is the linearized Poisson-Boltzmann equation and κ in equation 1.5
is the inverse Debye-Hückel screening length. It corresponds to the extension of
the counterions cloud.
The interaction and the stabilization of charged nanoparticles in a aqueous media can be described by the DLVO theory (Derjaguin Landau Verwey Overbeek)
[112; 113]. For two identical particles, the interaction is composed of attractive Hamaker interaction and screened electrostatic repulsion described by the
Yukawa potential. The Hamaker interaction is a non-directional, short-ranged
interaction based on induced dipoles.
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The interaction of atoms or small charged molecules in solution were firstly investigated by van-der-Waals who proposed the potential to be proportional to
∼

1
.
r6

However, when larger objects such as colloidal particles are considered the

attraction is of longer range. The attractive term for large systems has been calculated by Hamaker [114]. In the case of two spherical particles with radius R1 and
R2 separate by r, sufficiently close ( Rr1 << 1), the potential energy becomes
U(r) = −

AR1 R2
(R1 + R2 )6r

(1.6)

Where A is the Hamaker coefficient which depends on material properties such
as the number of molecules per unit volume in the two materials and the London
constant for the interaction of the two systems.
When two like-charged particles come close to each other, the electrostatic forces
lead to repulsion contrasted by the attractive part of the potential. The screened
Coulomb interaction for two spheres of radius R at a distance r can be written as
[112]
uel (r) =

Q2eff e−κ(r−2R)
r 0 r(1 + κR)2

(1.7)

The equilibrium of electrostatic and Hamaker forces leads to the stabilization of
charged nanoparticles in solution. In addition, the DLVO theory predicts the existence of a critical salt concentration at which inter-particle repulsion is at its
minimum and there is no more energy barrier against aggregation resulting in
nanoparticle precipitation [54; 115].
DLVO theory has been successfully used to descrive nanoparticle formation and
equilibrium, however it has some limitation. For instance, it fails in highly charged
systems [116; 117] or at very low salt concentration [113; 108; 106].
One widely discussed example of DLVO failure is the case of highly charged polyelectrolytes. While DLVO theory predicts a purely repulsive far field contribution, long-range attractive interaction have been experimentally observed resulting in interparticle distances smaller than expected and in void structures[118;
119; 120; 121]. Different complex models have been proposed to model the pair-
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wise interaction. The first was proposed by Sogami and Ise who broke the assumption of repulsion-only interaction [122]. On this line, different models have
been proposed successively based for example on non equilibrium hydrodynamic
effects. Manning developed a theory based on counterions condensation around
rodlike polyelectrolytes valid only in presence of multivalent counterions and if
the number of counterions condensed on the polyions exceeds. Lastly, manybody interactions of highly charged colloids and counterions was considered by
Tokuyama [123; 124]. Nowadays, despite large efforts, the results from different
groups still do not fit into a consistent picture.
Moreover, DLVO theory cannot describe the already cited polyelectrolyte effects,
and in particular, the dynamics of flexible polyelectrolytes when salt is added
[108; 109]. DLVO theory predicts than the presence of salt screens the electrostatic interaction and that, at high salt concentration, the polyelectrolytes behave
as a flexible neutral macromolecules such as a neutral polymer. However, Schurr
et al. observed an unexpected change of the diffusion coefficient of poly(L-lysine)
hydrobromide as a function of salt concentration [125]. This phenomena is the so
called ordinary-extraordinary phase separation and it corresponds to a decrease
of the diffusion coefficient by over an order of magnitude over a narrow ionic
strength range indicating to the existence of some sort of clustering . The same
transition has been observed in different polyelectrolyte systems such as DNA or
bovine serum albumin [126; 127; 128].
The existence of an additional long-range attraction mediated by the counterions, its source and theoretical description have been debated for years and are
still debated nowadays.

1.4

Thermodynamics of Self-Assembly

Self-assembled nanoparticles require an increase in order of the system, hence
the process as such is entropically unfavorable. For this reason, when there are
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no strong attractive interactions or driving forces, molecules that interact favorable with solvent behave as one single phase of free molecules dispersed in a
solvent. When a driving force that is strong enough to overcome the unfavorable entropy change is present, spontaneous self-assembly can take place. Due to
the importance for biological systems the thermodynamics of the self-assembly
of amphiphilic molecules has been widely investigated [129; 58; 130], while the
thermodynamics of different systems for which other interactions play a role remains largely unsolved. In the last years, the strong development of Isothermal Titration Calorimetry (ITC) permitted to obtain the equilibrium constant and
the enthalpy change of the reaction. Different groups have addressed different
intriguing relationships between the thermodynamic parameters as the change
in entropy or enthalpy, and the self-assembled nanoparticle properties. In the
following, first, a short introduction on the thermodynamics of the amphiphilic
molecules self-assembly will be given, after which few examples of thermodynamics in different self-assembly cases will be considered.

1.4.1

Thermodynamics in Amphiphilic Self-Assembly

Amphiphilic molecules in solution may spontaneously form a single dispersed
phase of thermodynamically stable self-associated interfaces, in addition to the
options available for ordinary (non-amphiphilic) molecules, i.e. either to completely mix as free solute molecules with the solvent or to separate into two or
more liquid phases. There is a favorable free energy associated with the coming
together of the hydrocarbon tails. The aggregation of hydrocarbons is accompanied by a large anomalous positive entropy change peculiar in water. An incorrect view linked this entropy change on aggregation to the release of structured
water from around the isolated chains which is supposed to provide a unique
driving force for self-assembly in aqueous solution. However, the analysis of the
thermodynamics of aqueous micelle formation across an extensive temperature
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range shows that the free energy of hydrocarbon transfer is almost independent
of temperature, and, if the structural properties of water are evident at low temperature, the water structural properties vanishes completely at high temperature [131; 56; 132]. Hence, since free energy change is the unique criterion for
spontaneous process at constant temperature and pressure, the hydrophobic effect must be insensitive to changes in water structure. To better understand the
phenomenon, the enthalpy and entropy changes on micellization must be considered. At low temperature the entropy change upon aggregation is large and
positive, while at high temperature is large and negative. The negative value reflects the ordering and orientation imposed on the hydrocarbon chains. Hence, at
high temperature aggregation is driven by the energetics of transfer of nonpolar
groups out of a polar solvent. While at low temperature the entropy change is
made up of two parts: a contribution due to the same ordering of hydrocarbon
chains in the micelle such as at high temperature and a large structural contribution due to water reordering. The same is for the enthalpy change. Since the free
energy remains constant, the water structuring effects almost cancel out and play
a small part in the aggregation free energy. This phenomenon is called entropyenthalpy compensation and it is widely discussed.
The nature of the aggregates formed on association is a more delicate problem
and depends on the surface free energy [58; 133]. For surfactant alone, different
aggregates are formed as already discussed. For dilute solution, the structure
formed by hydrophobic self-assembly depends on the ratio between the volume
of the hydrocarbon chain, the optimal length close to the fully extended chain
spher-

length and the head group area [133; 134]. When the ratio is lower than

1
3

ical aggregates are formed, while if it is higher than 13 , but lower than

vesicles,

1
2

polydisperse cylindrical micelles are formed. At even higher values, vesicles,
oblate micelles or bilayers occur.
In the case of micellar aggregation, different models have been build to describe
quantitatively the phenomenon [135; 136]. Considering that the surfactant molecules
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exchange continuously between the self-assemblies and as free molecules in the
surrounding solution, the entropic dissociation driving force is too large at low
surfactant concentrations for self-assembled interfaces with comparatively large
free amphiphilic molecules in solution. As a result, self-assembled interfaces will
only form above a certain concentration of surfactant, and above this concentration limit both free surfactants and self-assembled interfaces must coexist simultaneously in a dispersed surfactant solution. This threshold value is the so called
critical micelle concentration (CMC) and is of fundamental importance to calculate the free energy of micellization
∆µmic = RT ln CMC

(1.8)

This equation is often called ”pseudo phase separation-model”. The free energy
of micellization is an important parameter in micelle formation thermodynamics
since the total equilibrium can be written as
∆µmic = ∆GH P + ∆Gsurface

(1.9)

Where ∆GH P is the transfer free energy for the hydrocarbon tail from water to the
internal of the micelle and ∆Gsurface the surface free energy. The CMC strongly
depends on the molecular architecture of the amphiphilic molecules and in particular on the dimensions of the hydrophobic tail. In addition, it is sensitive to the
concentration of the added salt in solution. For example, at at moderate and high
salt concentration, the CMC approximately follows a linear relation [137; 54; 138]
ln CMC = constant − B ln csalt

(1.10)

Direct determination of the enthalpy of micellization is not trivial. A common
procedure consist of exploiting the temperature dependence of the CMC using
the relation called van’t Hoff equation
∆H0m
∂ ln CMC
)P =
(
∂T
RT 2

(1.11)
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Or the modified one that consider also the changes in the aggregation number
induced by the different temperatures [139]
RT 2 (

∂(GN+1 − GN )
∂N
∂ ln CMC
)P = −∆H0m (N) + T [
]T,P (
)P
∂T
∂N
∂T

(1.12)

Where GN=1 and GN are the free energies of the surfactant molecules into the
micelles with aggregation number of N + 1 and N. Hence, using techniques as
differential scanning calorimetry (DSC) it is possible to evaluate the enthalpy of
micellization [140].

1.4.2

Thermodynamics in Other Types of Self-Assembly

While the thermodynamics of amphiphilic system has been widely investigated
experimentally and theoretically, there is a lack of insight for other self-assembly
strategies. In particular, different research groups have different approach and a
unique and elegant theory is missing. Some of the most interesting studies are
reported here.
In the 1995, Chi et al. have applied arguments similar to the ones used in the
case of amphiphilic systems to describe the thermodynamics of the self-assembly
of cyclic structures based on zinc porphyrin-pyridine coordination interactions
[141]. These systems self-assemble when the concentration of the monomers is
high enough. This concentration strongly depends on the monomer used. Firstly,
the authors focus on the effective molarity, a parameter that measures the concentration at which open polymeric structures start to compete with closed cyclic
structures. Hence, it is the upper limit at which the self-assembled structures are
stable. In absence of entropic solvent effects, the upper limit of effective molarity
can be written
EMmax = e−

∆Sref
R

(1.13)

Where ∆Sref corresponds to the reference porphyrin-reference ligand entropy exchange. Secondly, the author used a two state equilibrium to calculate the critical
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self-assembly concentration (csac) using the size of the oligomer (n) as a parameter
1

csac =
n

1
n−1

1

1

(1.14)

n−1
EM n−1 Kref

Hence, large multicomponent systems will self-assemble to give stable structures
at concentration between

1
Kref

and EM. There is no limit on the size of the aggre-

gates. Using the maximum value for the effective molarity, the critical concentration can be rewritten
csacmin =
csacmin =

1
n

1
n−1

1
n1/(n−1)

e∆Href /((n−1)RTKref )

e(n∆Href )/((n−1)RT )−∆Sref /R

(1.15)
(1.16)

From this equation the efficiency of the self-assembly process () can be calculated
=

n
log(n)
log(EMKref ) +
n−1
n−1

(1.17)

The maximum efficiency is reached for
=

n
∆H
log(n)
+
n − 1 2.303RT
n−1

(1.18)

Thus, while the entropy of the component interaction is important in determining
the upper limit of the assembly stability, the enthalpy is important in determining
the maximum concentration range over which assembly can take place. Knowing
the interaction of the components of the system is therefore possible to estimate
the efficiency of the self-assembly process.
The thermodynamics of the interaction of the molecular building blocks has been
studied with different approaches. For example, Würthner has investigated the
self-stacking of perylene bisimide derivative dyes focussing on the effect induced
by different substituents on the assembly formation and on the thermodynamics
of the interaction [142]. These molecules are interesting because they present
exceptionally high photostability and their emission color can be tuned ranging
from green to red selecting proper substituents. Studying the twist angle of the
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perylene core for different substituents, the author has found a linear relationship between the logarithm of the aggregation constant K (proportional to the
Gibbs interaction energy) and the twist angle. The highest driving force for ππ stacking has been found for the flat molecules, while more twisted systems
have less strong π-π interaction. Despite the elegant results, an analysis on how
these properties act on the self-assembled structure is still missing, even though
it would give the possibility to design new fluorophore structures.
Our group has studied a system where more than one kind of interaction acts together forming well-defined nanostructures investigating the association of positively charged dendrimer and oppositely charged multivalent dyes. Using ITC, it
has been shown that the dendrimer-dye association enthalpy is always negative
and that π-π interaction of the dye molecules is the main enthalpic driving force
for divalent dyes [143]. For the first time, a clear correlation between the assembly size (through the aggregation number) and the dye-dye π-π interaction free
energy has been found [144]. Thus, knowing the thermodynamics of the interaction is possible to control the size of the aggregates and selecting appropriate
building blocks to form nanoparticles of desired dimensions. This aspect is of
extremely high relevance for the engineering of self-assembly and, especially for
electrostatic self-assembly, it is still far to be completely understood and established.
On the side of experimental results and relationship, theoretical studies have
been performed. Recently, the prediction of the crystal structures formed by the
self-assembly of nanoparticles has been discussed. In particular, statistical thermodynamics has been used to describe two different cases: the self-assembly
of spherical colloids into crystals and the self-assembly of anisotropic building
blocks into complex structures. Statistical thermodynamics has successfully predicted the formation of colloidal crystal arrays for spheres interacting with central forces with spherical symmetry [145]. On the other hand, the self-assembly
of anisotropic building block is of special importance since it has been proven to
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results in crystalline arrays with complex unit cells that can be used to generate
photonic band gap materials, negative index materials and metamaterials, however is far less understood [146; 147]. The aim of this research is to characterize the
pair potential interaction in anisotropic systems, establish the phase diagram using statistical thermodynamics and develop field-assisted methods applicable to
anisotropic colloids. On interesting example is reported by Pfleiderer et al. who
were able to first predict a novel crystalline phase for hard ellipsoids with a unit
cell of two rods with different orientations being more stable than the stretched
fcc phase and to second calculate the phase diagram for the system (Figure 1.2)
[148; 149]. Non crystalline clusters have been widely investigated by molecular
dynamics in the case of patchy nanoparticles. These are systems with short-range
interactions compared to their size. The final objective of these studies is to rationally control the dispersion and the properties of the nanocomposite materials.

Figure 1.2: Novel crystalline phases of hard ellipsoids. Monte Carlo simulations and thermodynamic integration have established volume fraction and aspect ratio conditions under
which a monoclinic crystal, called SM2, with a unit cell of two rods each with different orientations is more stable than the stretched fcc phase. The top panels [148] show
renderings of the structure and its unit cell. The bottom panel [149] shows the phase
diagram of hard ellipsoids.

In 2003, Glotzer et al. showed that, in a system of polyhedral nanoparticles in
a dense bead-pring polymer melt under quiescent and steady shear, the clustering process is consisting with the model of equilibrium particle association
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and that the viscosity of the dispersed configuration is larger compared to the
one in cluster state in contrast to expectations based on macroscopic colloidal
dispersions [150]. The authors suggest that an alteration of the polymer matrix
properties in the vicinity of the nanoparticles must be considered. Sciortino et al.
have calculated the equilibrium thermodynamic properties, percolation threshold, and cluster distribution functions for a model of associating colloids, which
consists of hard spherical particles having on their surfaces three short-ranged
attractive sites and sticky spots of two different types, A and B [151]. It is clear
that such an approach is fundamental to generalize the experimental results and
to deeply understand the relation of nanoaggregate structure and its properties.
However, there are still limitations due to the calculation power needed to model
more complex system. In addition, theories capable of describing complicate
self-assembly processes are still missing. For example, only recently a systematic
Flory-Huggins type theory has been introduced to describe the basic thermodynamic properties of the self-assembly by mutual interaction [152].

1.5

Concept and Objectives

In this framework, it is evident how investigating the self-assembly from a fundamental point of view is crucial to develop new and more efficient strategies
to form nanoparticles, but also to understand how the existing strategies can
be improved to gain full control on the resulting nanoparticles, for example on
their dimensions or morphology. In particular, this is important for the relatively new concept of electrostatic self-assembly where more than one interaction
occurs at the same time making the control over nanoparticle properties more
challenging. Our research focused on the combination of electrostatic interaction
and directional short-ranged π-π interaction. As model system for this study,
the supramolecular self-assembly of positively charged polyelectrolytes such as
polyamidoamine (PAMAM) dendrimers or poly(diallyldimethylammonium chlo-
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ride) (PDADMAC) and oppositely charged azo dyes has been investigated (Figure 1.3 ). This leads to the formation of well-defined nanostructures in solution
via the combination of isotropic electrostatic interaction (attractive between the
polyelectrolyte and the dye and repulsive between the like charged molecules)
and π-π interaction between the dyes.
The goal of this project is to elucidate the nanoparticle formation process to achieve
control over their structural properties. In particular, we wanted to understand
the role of the building blocks properties, such as geometry, dimensions, charge
or flexibility on the final nanoaggregates. This is of crucial importance since it often is a secondary topic, while it has an important role on self-assembly. For what
concerns the energetic arena of self-assembly, the objective was the extension of
previous results on the thermodynamics of the process to develop a comprensive
theory capable of predicting the nanoaggregate properties (mostly structural) on
the basis of the interaction strength of the building blocks trying to understand
how the two different interactions cooperate in the nanoparticle formation and
stabilization. More in general, it is highly desirable to gain new knowledge of
electrostatic self-assembly that might be extended to different self-assembly concepts.

1.6

State of Knowledge

Here, a general overview on the previous studies of self-assembly where organic
dyes and polyelectrolytes are used singularly and combined together is given.
Few important polyelectrolyte self-assembly examples have been reported earlier, what it appears clearly from the large picture is that it is an extremely interesting and promising field. However, it is not easy to form stable and welldefined nanoparticles especially in solution. For instance when polyelectrolytes
are combined with monovalent counterions, no nanoparticles are formed. Only
the so-called counterions condensation occurs, due to the release of a fraction of the
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Figure 1.3: Some of the building blocks used in the electrostatic self-assembly investigated in this
study.

counterions of the polyelectrolytes, while a part of the counterions is permanently
located within the polyelectrolyte molecules [153; 154; 155]. Aggregation occurs
when multivalent counterions are used as in the case of charged polyacrylamide
in combination with calcium ions [156; 157; 158]. However, the size distribution of
the resulting aggregates is very broad. Stable aggregates can be formed by layerby-layer self-assembly deposing two oppositely charged polyelectrolytes on a
solid surface alternatively. This results in materials with well-defined morphologies and ordered structures [159; 160]. Highly structured solid materials have
been formed combining polyelectrolytes and surfactant [95; 96; 161; 162; 163].
The same combination leads to the formation of supramolecular complexes with
high structural variety in solution mostly in organic solvents [164; 165; 166]. Another issue with this process is that it may be the case that the structures are
formed under non-equilibrium conditions and therefore the nanoparticles depend on the preparation path. For the interesting system of oppositely charged
polyelectrolytes/ surfactants, the driving force for the assembly is the entropic
gain due to release of the small counterions and water molecules. Based on these
considerations, our group introduced a new concept based on the combination
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of polyelectrolytes with multivalent organic counterions of a certain geometry
such as azo dyes. As compared to polyelectrolyte-polyelectrolyte complexes the
lower charge of the counterion gives the possibility to form thermodynamically
driven rather than kinetically trapped structures, as compared to flexible polyelectrolytes with simple multivalent counterions. The use of structural units as
building blocks can lead to more defined structures, and in addition, potentially
introduce functionalities. For the latter reason charged dye molecules have been
used: on the one hand, they have a defined shape and the possibility for mutual
overlap interactions, while on the other hand, they carry optical functionality.
The optical properties of the dyes and their electrical properties arising from the π
electron system have attracted large interest for self-assembly [167; 168; 169; 170].
The self-interaction of this kind of molecules may lead to the formation of assembly that can, for example, enhance the properties of the single molecule. This is
the case for perylene bisimide dyes where the aggregate presents enhanced emission properties [171]. Moreover, azo dyes are soluble in water and commercially
available in a great variety of structures. The latter has key importance since it
is easily possible by selecting the appropriate dye to modify a key parameter in
self-assembly as the dye geometry. The valency of the dye is one of the parameters that can be controlled, and this has clearly special importance in the case
of electrostatic self-assembly. The dye itself can self-aggregate in solution: from
dimers at low concentration to assemblies with size about 100 nm [172; 173; 174].
However, it has been shown that only a small fraction of the total amount of
dyes partecipates in the assembly formation. In addition, the formed assemblies
are not stable in aqueous solution [175]. This shows that π-π interaction is capable of forming small aggregates, but fails to form large, stable nanosystems.
A strategy that leads to the formation of stable aggregates is the combination of
π-π interacting dyes with building blocks capable of different interactions. For
instance, the group of K. Huber reports on the aggregation of anionic azo dyes
into dyestuffs when Mg2+ ions are present in solution [78]. This process is of

Chapter 1.

Introduction

31

interest since dyestuff aggregation in aqueous solution shows striking analogies
to protein aggregation and may serve as a simple synthetic model system for the
reversible polymerization in physiological systems and dyestuff aggregation is a
process highly responsive toward changes of ambient conditions like salt concentration or temperature. Highly organized supramolecular architectures, which
are crystalline/liquid crystalline in nature can be formed combining azo dyes
and cationic surfactants [176; 94]. It is clear that the combination of azo dyes and
building blocks capable of different interactions result in well-defined structures,
however only few studies exist on the formation of nanoparticles. Along this direction, our group has combined azo dyes with polyelectrolytes taking the best
from the two worlds resulting in promising well-defined and stable nanoparticles.
Firstly, the association of the anionic azo dye Acid Red 26 (Ar26) with cationic
polyamidoamine (PAMAM) dendrimer has been investigated [177]. Stable and
well-defined anisotropic supramolecular nanoparticles have been obtained. The
size is about one order of magnitude larger than the original building blocks and
it shows a narrow monomodal distribution. The use of PAMAM as building block
provides the possibility of turning on and off the aggregation by simply changing the pH of the solution. PAMAM is a weak polyelectrolyte and its protonation
state can be controlled changing the pH of the solution: at pH > 10, the molecule
is neutral and no electrostatic interaction occurs, for 7 < pH < 10 the primary
amines are protonated, at pH < 7 primary and tertiary amines are protonated and
finally at pH < 4 the molecule is completely charged. Hence, not only the interaction can be turned on and off, but its strength can be modulated as well tuning
the pH. An important property of this system is that the assembly/disassembly
process is reversible as long as the salt concentration is not too high since it can
reduce the electrostatic stabilization of the nanoassemblies. Lastly, the role of the
ratio between the building blocks l has been proven to be crucial for the assembly
formation: an high excess of dendrimer leads to the formation of only host-guest
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complexes. The concept has been then extended to other azo dyes such as Acid
Red 18 (Ar18), Acid Red 27 (Ar27) and Acid Red 44 (Ar44), changing the dye
molecular structure and the valency in order to observe their effects on the selfassembly [143]. Different shapes have been observed ranging from cylinders and
spheres to core-shell particles. The self-assembly is shown in Figure 1.4.

Figure 1.4: Sketch of the self-assembly of PAMAM dendrimer and oppositely charged dyes: at pH
10.5 the dendrimers are uncharged and no interaction between the building blocks
occurs, at pH ¡ 10 the dendrimers start to be protonated and the building blocks form
well-defined nanoparticles. From [178].

Beside a first structural characterization, the thermodynamics of the assembly formation has been investigated. For instance, the process has been shown to
be cooperative. Driving force for the dye-dendrimer association is the enthalpy,
which is always negative. In addition, the strength of the interaction of the building blocks strongly affects the size of the nanoparticle [179].
The concept has been extended to a wide range of building blocks: firstly, different dendrimer generations have been used resulting in a change of dimensions, charges and flexibility, secondly, linear polyelectrolytes such has polylysine (PolyLys) and polyallylaminehydrochloride (PAH) have been used [180]. For
generation 0, no well-defined and stable aggregates have been found. A minimum size of the template is required in order to formate stable supramolecular
nanoparticles. For the other dendritic molecules, the assembly size is very similar. The linear polyelectrolytes also result in stable nanoparticles, however the
precipitation limit is already at slight excess of polyelectrolyte as compared to the
dendritic molecules for whom it is at charge stoichiometry. The binding strength
is similar for all the PAMAM generations, while assemblies from PolyLys and
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PAH are more kinetically trapped.
Great interest lyes in system that can respond to external triggers since they can
be used as nanosensors, for storing energy or as tunable nanocarries. As already
discussed, the usage of PAMAM dendrimers results in pH controlled nanoparticles. On a second stage, light sensitive nanosystems have been formed using a
dye that can trans-cis isomerize upon light irradiation as Acid Yellow 38 (Ay38)
[177]. Upon irradiation, the size of the of the aggregates shift from hydrodynamic
radius RH = 30nm to RH = 160nm. The process is not reversible, but combining it with the pH responsiveness permits to go back to the initial state. More
recently, the same light sensitive dye has been combined with linear polyelectrolytes resulting in nanoparticles with tunable size and density [181]. However,
a full structural characterization of this system is still missing.
After investigating the role of the polyelectrolyte in the self-assembly, the focus
has been putted on the role of the dye. Eight divalent azo dyes with similar backbones have been investigated [144]. A clear correlation between the assembly
size thought the aggregation number and the dye-dye interaction free energy exchange has been established. The aggregation number has been further modelled
according to equilibrium thermodynamics taking into account two different contributions: the electrostatic repulsion between like-charged dendrimers and the
free energy of dendrimer-dye association. The results are given in Figure 1.5.
The concept of combining building blocks capable of different interaction with
azo dyes has been further carried on. Ternary structures that consist of either gold
or cadmium sulfide nano-clusters, cationic dendrimers and anionic dye molecules
have been formed in a two-step procedure of electrostatic nanotemplating and
electrostatic self-assembly [182]. For this system, the interplay of ionic, π-π and
Hamaker interactions leads to well-defined hundred-nanometer-scale assemblies
with narrow size distribution in aqueous solution (Figure 1.6). More recently,
we have reported on nanoassemblies formed by cationic alkyltrimethylammonium bromide surfactants and the divalent anionic Ar26 in aqueous solution via
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Figure 1.5: a) Free energy threshold for host-guest complexation as compared to dendrimer interctonnection, and b) dendrimer aggregation number NDen in dependence on dyedendrimer interaction free energy ∆Gdye−den (squares) and enthalpy ∆Hdye−den
(open circles) and dye-dye interaction free energy ∆Gdye−dye (triangles) for divalent
dyes [144].

the combination of electrostatic interactions of the oppositely charged building
blocks, hydrophobic effect and π-π interaction [183].

Figure 1.6: Self-assembly of ternary structures of gold, cationic dendrimers and anionic dyes, the
two set process is shown. From [182].

Chapter 2 Nanoparticle Characterization
The nanoparticle structure has been investigated through dynamic and static
light scattering and small angle neutron scattering SANS. Light scattering permits to gain first informations on the dimensions and size distribution of the
nanoparticles in solution without affecting the equilibrium of the system. Static
light scattering gives the radius of gyration of the nanoparticles Rg and the scattering intensity I(q). The radius of gyration is the effective size of the scattering
”particle” whether it is a polymer chain, part of a protein, a micelle, or a domain
in a multiphase system. Dynamic light scattering gives the hydrodynamic radius
RH , which is the radius of a hard sphere that diffuses at the same rate as that solute. Gyration and hydrodynamic radius can be combined to get information on
the nanoparticle shape. The ratio

Rg
RH

is equal to 0.78 for a spherical nanoassembly,

while is higher than one for elongated one. Light scattering is particularly suitable for measuring nanoparticle size in solution since it is a non-invasive method
and the result is averaged over the entire sample.
Another non invasive technique is SANS. This low resolution technique has been
used to access the shape of the assemblies and their dimensions. The measured
intensity in SANS experiment is
I(Q) =

NP 2 2
VP ∆ρ P(Q)
V

(2.1)

Where NP is the nanoparticle number, VP the volume of the nanoparticles, ∆ρ the
difference in scattering length between the nanoparticles and the solvent, P(Q) is
the form factor. Hence, the measured quantity is directly dependent on the form
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or in other words the shape of the scattering objects. Moreover, this quantity
can be modelled according to theoretical models and fitted to get not only the
shape but also the dimensions of the nanoparticles. In difference with the light
scattering, the resulting parameters are not obtained thought an approximation,
but the real ones. For example, for a sphere of radius r the form factor is [184; 185]
s
sin(qr) − qr cos(qr)
(2.2)
P(Q) = 3
(qr)3
In addition, the nanoparticle structure has been investigated via atomic force microscopy. This technique is extremely useful because it permits to directly observe
the nanoparticles and it has a very high resolution in comparison to light scattering and SANS. However, it requires the drying of the sample, and therefore, the
observed structure may not correspond to the one in solution.
The stacking of the dye molecules induced by the π-π interaction has been investigated by UV-Vis spectroscopy. The absorption spectra changes when the
geometry of the aggregates changes [186]. Classical exciton theory has been used
to understand the spectra [187; 188; 189; 190]. The theory considers the interaction of the dye transition dipoles that come into spatial proximity when dimers or
higher order aggregates are formed. In particular, when an aggregate is formed
the splitting of the excited state takes place [174]. This happens when the dipole
moments of the dye molecules are not exactly parallel to each other and they are
tilted of a certain angle β < 90◦ . Exciton theory can be used to fit the spectra
according to
−4 ln 2

D = J e

(ν−νJ )2
∆ν2
1/2,J

+

1
X

−4 ln 2

i e

(ν−νi )2
∆ν2
1/2,i

(2.3)

i=0

Where D is the extinction coefficient of the dimer. This separation can be done
because the spectral separation between the H- and J- band is greater than the
vibronic progression. Therefore, the first term of the equation refers to the J-band
with J as extinction coefficient, νJ as wavenumber and ∆ν1/2,J as half-width of
the Gaussian. The second term represents the H-band extended to two vibronic
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transitions. The results can be used to calculate the twist angle between the dye
molecules β and the inter-dye distance R [172]
β = 2 arctan

r

fJ
fH

2.14 · 107 cos β 1
R=(
)3
νM ∆νH,J

(2.4)
(2.5)

Where fi is the oscillator strength for the i-th band calculated by integration of
the respective peak area.
Stabilization of the nanoparticles is of great interest and it can arise from either
electrostatic repulsion either from steric shielding. In electrostatic self-assembly
the former is the more common stabilization process. Around charged particles
in solution an electrical double layer is formed: an excess of ions with charge opposite to the nanoparticle one is formed directly around the particles [191]. This
layer is known as the Stern layer and moves with the particles. Hence, from the
electrophoretic mobility of the particle the potential at this share plane can be calculated. This is the ζ-potential. For particles in solution with sufficiently high salt
concentration and for sufficiently large nanoparticles (i.e. nanoparticle dimensions larger than the electrostatic double layer) the ζ-potential can be calculated
via the Smoluchowski equation, a special case of the general Henry equation
µel =

2ζr 0
νel
=
f(κa)
E
3ν

(2.6)

With f(κa) = 1.5. κ is the inverse of the Debye screening length and a the nanoparticle radius. Measuring ζ permits to understand the electrostatic behaviour of
the nanoassembly and, for electrostatically stabilized systems, it permits to estimate nanoparticle stability: more stable particles will present higher ζ-potential
values.
Lastly, the thermodynamics of the interactions has been investigated via ITC. This
technique is based on the online detection of the reaction heat when one reactant
is titrated into the other reactant. It permits to directly measure the enthalpy and
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the stoichiometry of the reaction. It also permits to access simultaneously all the
thermodynamic parameter of the reaction: the integrated heat normalized per
mole of injectant can be fitted according to theoretical model that relates the heat
release or uptake with the thermodynamic parameters. For example in the case
of the binding of a ligand molecule L to independent binding site on a molecule
M, the so called one-site model can be described as
KML =

x[M]0
[ML]
=
[M][L]
(1 − x)[M]0 [L]

(2.7)

Where [M]0 is the total concentration, [M] the current concentration of the macromolecule, [L] the current concentration of the ligand, [ML] the concentration of
macromolecules with bound ligand and x is the degree of conversion. The total
heat release or uptake after each injection Qi can be written as
Qi = xN[M]0 ∆HML V0

(2.8)

Solving this two equation permits to determine the equilibrium constant KML , the
reaction enthalpy ∆HML and the stoichiometry N. This can be done by nonlinear
curve fitting if the cell volume V0 is known. From these parameters, the free
energy ∆GML can be calculated
∆GML = −RT ln KML

(2.9)

And then the entropy change ∆SML can be calculated. Titrating the polyelectrolyte into the dye and diluting a dye, it is possible to measure the different
contribution separately and this permits to deeply understand the self-assembly
from a thermodynamic point of view.
All these technique alone only access a piece of the puzzle that is the self-assembly,
but together they permits to investigate the process on its integrity.
To conclude, goal of the project is to put together the puzzle pieces in order
to fundamentally understand the electrostatic self-assembly, unveiling its driving forces and how the different interaction interplay to form the nanoparticles.

Chapter 2.

Nanoparticle Characterization

39

In addition, establishing a relationship between the interaction of the building
blocks and the supramolecular structure is crucial. This permits the definition of
a molecular toolbox to tailor nanoparticles of desired dimensions and shape by
simple mixing of the building blocks.
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Chapter 3 General Discussion
In the following chapters the combination of electrostatic and structural π-π interaction in self-assembly will be investigated from different perspective with
special regards on how they work together defining the structure of the selfassembled nanoparticles. Under focus are the basic principles regulating the selfassembly.

3.1

Results

In chapter 4.1, the full structural characterisation of the self-assembled structures formed by multivalent organic dyes and different generation dendrimers
is given. These systems result in different structures ranging from simple spherical aggregates to more complex elongated assemblies as worm-like chains. At
the same time, the dimensions of the nanoparticles vary enormously with the
building blocks: aggregates from 20 nm to microns are formed. This is more than
one order of magnitude larger than the building blocks. Different parameters
that controls the self-assembly have been investigated. Firstly, the dye generation
has been changed: increasing the generation (i.e. decreasing the dendrimer flexibility) results in more anisotropic particles. Another important parameter regulating is the dye valency: divalent dyes form anisotropic nanoparticles, while
trivalent dyes form spherical ones. Hence, we have demonstrated that choosing
the appropriate dye it is possible to tune the shape of the self-assembled nanostructures. In addition, the ratio between the building blocks has been varied and
41
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it has been shown that it controls the number of dendrimers per aggregate (aggregation number) and the nanoparticle dimensions. The stoichiometric ratio is
2.0, it has been shown that when it is lower than 1.5, a certain amount of dendrimers remains either free in solution or assembles forming dimers. When the
nanoassemblies have an anisotropic shape, the building block ratio also regulates
structural properties as the dimensions and the aspect ratio.
To better understand the role of the dye valency, the dye stacking has been investigated on the molecular level studying the stacking angle and relating it to the
nanoparticle shape. For the trivalent dyes (forming isotropic nanoparticles) with
different number of aromatic rings and different substituents the twist angle is
always constant to 38 ◦ . Instead, divalent dyes stack with larger angles different
from one dye to another. To gain further insights on this effect the interaction of
the building blocks has to be considered. Using isothermal titration calorimetry,
it has been shown that the building block interaction is the crucial key defining
the nanoparticle structure. For example considering the mutual interaction of the
dyes, a threshold value of the enthalpy exchange ∆Hdye−dye separating isotropic
and anisotropic nanoaggregates has been found. This indicates that a strong ππ interaction leads to anisotropic structures. For the dye-polyelectrolyte interaction, a threshold value was detected as well. This is a really important point since,
so far, the π-π interaction was considered fundamental only to form nanoparticles with narrow size distribution, while we now know that it is also controlling
the nanoparticle shape and that (if the dendrimer generation is fixed) it is the
only parameter involved in the shape control. We have further examined which
molecular parameters encode thermodynamics and thereby particle shape. The
nanoparticle properties have been modelled by density function theory (DFT)
showing that the electrostatic properties control the thermodynamics of the dyedye interaction. In particular, the electrostatic potential at the molecular surface
and the polar surface area (PSA) determine the strength of the dye-dye interaction, which again controls the nanostructure of the polyelectrolyte-dye particles.
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The aspect ratio of the assemblies varies as a function of the polar surface area:
more elongated nanoparticles are formed when the PSA is low and hence the π-π
interaction is stronger, while spherical particles are formed for higher PSA values
(i.e. low π-π interaction strength). From these results, it will be possible to predict
nanoparticle shapes knowing only the thermodynamic parameters of the interaction of the chosen molecular building blocks. Thus, a precise molecular design of
the dye molecule will allow tailoring the structure of the nanoparticles.
After understanding the importance of the π-π interaction in the self-assembly
in chapter 4.1, the role of the electrostatic interaction of dendrimers and multivalent dyes has been investigated in chapter 4.2. Herein, the structure of the
supramolecular assemblies formed by Ar26, APhAcOHRAc and generation 4
PAMAM dendrimer has been studied as a function of the solution pH. The PAMAM dendrimer is composed by amine groups and its protonation state can be
tuned changing the pH. At pH > 10, the dendrimer is neutral and no interaction
occurs with the oppositely charged dyes; at 7 < pH < 10, the primary amines
(on the surface of the dendrimer) start to be protonated and nanoparticles are
formed; at 4 < pH < 7, the tertiary amines are protonated, and finally at pH =
3.5, all the amines are protonated and the molecules is fully charged. Hence,
the pH controls the charge of the dendrimer (and thus the electrostatic interaction strength). As a results, it has been proven that electrostatic interaction has a
fundamental role in the stabilization and dimensions of the nanoparticles: more
stable and smaller assemblies form at low pH when the electrostatic interaction
is stronger (i.e. when the dendrimer is fully charged). For example, in the case
of the dendrimer-APhAcOHRAc assemblies, spheres with radii from R = 46 nm
(pH = 3.5) to R = 165 nm (pH = 6.7) can be created. The ζ-potential has been measured to have information on the nanoparticle charge: it is higher at low pH and
decreases linearly with pH. Hence, the stabilisation mechanism is the same at all
the pH and in particular is the same for pH > 7.0 where only the primary amines
are protonated and for pH < 7.0 where also the inner tertiary amine groups are
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protonated. This is a clear demonstration that the nanoparticles are electrostatically stabilised. While at pH = 3.5 the nanoparticles are stable for months, different pHs have different effects on the nanoparticle stability on long time. It has
been shown that a stability range of pH exists for each system. This only depends
on the molecular structure of the specific dye. These ageing studies have shown
the importance of pH = 7 since tertiary amine groups start to be protonated, and
it always represents one of the limits of the stability region.
In addition, pH is also a key to a tunable particle shape. For instance, we have
shown that the pH can be used as a trigger to switch between nanoscale cylinders
with elliptical cross sections and spherical nanoparticles and for ABnOHRAc between up to 2 µm long flexible cylinders and shorter (100-500 nm) stiff cylinders.
In all cases, the pH can switch between a nanoassembly and dissociated building
blocks.
Lastly, dynamic light scattering results have been combined with ζ-potential measurements to obtain the surface charge density. This parameter is the key to describe nanoparticle stability and size control: more stable and smaller nanoaggregates present a higher surface charge density, while the less stable ones have a
low value.
The role of pH on the self-assembly process has ben further investigated in chapter 4.3. Despite the results reported in 4.2, some questions remain unanswered in
particular on the existence of the instability region. To investigate the point from
a different point of view, the pH has been changed keeping constant the charge
ratio between the dyes and the dendrimers in difference to chapter 4.2 where the
loading ratio was kept constant. In this case, stable nanoparticles are formed at
all the pH while before we had some instability regions. In contrast, a change in
the nanoparticle shape has been observed around pH = 7 where inner tertiary
amines start to be protonated: cylindrical particles are formed at pH < 6.5 while
spherical particles are formed at pH ≥ 6.5. This means that the charge position is
crucial to define the nanoparticle shape. The higher stability is explained consid-

Chapter 3.

General Discussion

45

ering that the nanoassemblies are stabilized by excess of dendrimer charge and
that keeping constant the charge ratio results in a constant excess of dendrimer
charge. Hence, here the results are really sensible to the charge position (in- or
outside the dendrimer). This might be because the position and the number of
the amine groups available for binding affect how the dye and dendrimer and
hence the dye-dye can interact. Probably the dyes can stack better when the internal charges are available for binding than when only the external charge are
available.
Another important result is that in this case nanoparticles become smaller as the
pH increases in contrast to the results obtained at constant loading ratio. Again,
This might be due to the different number and position of the charges available
for binding. This has been observed investigating the dye-dye interaction: the environmental pH controls the dye-dye stacking modifying the twist angle between
the dye molecules. When spherical nanoparticles are formed the angle remains
constant, while when elongated ones are formed it increases continuously with
pH. With this chapter and chapter 4.2, we have connected the pH effects on different levels, from the molecular to the supramolecular level, showing that the
pH can be used as trigger to obtain stable nanoparticles with different shapes.
One of the most important results obtained in the studies presented in chapter
4.1 is that a threshold value exist in the dye-dye interaction separating elongated
and isotropic nanoparticles. In chapter 4.4, we tried to understand this phenomenon better. To vary the dye-dye interaction and to try to cross the threshold
between elongated and spherical nanoparticles, dyes with different valency have
been combined. In principle, this should results in a π-π interaction strength between the stronger one of the divalent dye and the weaker one of the trivalent.
Mixture of Ar26 (divalent) and Ar27 (trivalent) combined with generation 4 PAMAM dendrimer and of ABnOHRAc (divalent) and Ar27 (divalent) combined
with generation 4 PAMAM dendrimer have been studied. Firstly, the nanoparticle formation has been investigated by SANS and light scattering. Well-defined
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and stable nanoparticle are formed when dye mixtures are used. As expected,
different dye mixing ratios results in different nanoaggregate structures. For example, Ar27 and generation 4 dendrimer form a spherical nanoparticle, and ABnOHRAc and generation 4 dendrimer result in long flexible cylinders with elliptical cross-section, while the mixture of the two dyes with dendrimers results in a
different structure: ellipsoidal nanoparticles. Moreover, the aspect ratio depends
on the mixing ratio: the nanoparticle is less elongated when Ar27 is the dominant
dye and more elongated when ABnOHRAc is the dominant one. As in the other
studies, we have investigated the dye-dye stacking on the molecular level showing that the different dyes can stack together forming heterostacks in addition the
well-known homostacks. A simple model has been developed to understand the
dye stacking: stacking can occur between homostacks of the different dyes or between single dye molecules and we have been able to identify the different cases
from the UV-Vis spectra. This results are promising and may open a road to form
nanoparticle with desired structure by appropriate mixing of existing dyes.
The role of electrostatic and π-π interactions is further investigated in chapter 4.5.
In this study, we have investigated the nanoparticle properties as a function of
the solution ionic strength. Changing this parameter permits to screen the electrostatic charge acting directly on its strength without acting on the dendrimer
protonation as in the case of pH effect studies. First of all, the aggregates have
been investigated using light scattering and, similarly to the case of varying pH,
the nanoparticle size changes with changing ionic strength. In the case presented
in chapter 4.5, the nanoparticle size increases as the ionic strength increases. This
is a peculiar result since a ionic strength increase should lead to a reduction of the
electrostatic interaction between the building blocks, and hence, to a lowering of
the nanoaggregate size. To describe the phenomenon, the DLVO theory has been
used. In our case, this theory has been able to describe both the nanoparticle
stabilisation and the size trend as the ionic strength increases. On the one hand,
the ionic strength screens the charges resulting in a decrease of the electrostatic
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interaction, but on the other hand, the screened potential causes in the decrease
of the nanoparticle repulsion resulting in larger assemblies. Obviously, this leads
to the formation of larger nanoassemblies. Hence, the two interconnected phenomena regulate the nanoparticle size and can be used to tune nanoassembly
size. In difference from the pH case, the shape of the nanoparticles (obtained by
SANS) and the dye stacking (measured via UV-Vis spectroscopy) do not depend
on the ionic strength. This is explainable considering the thermodynamics of the
self-assembly. In a previous study it has been shown that the free energy gain of
the process can be divided into two terms: one electrostatic arising from the dyedendrimer interaction and one describing the π-π interaction of the dye molecules
[144]. Obviously, the second term is independent of the ionic strength and therefore, as already seen in the other contributions, the π-π interaction encodes the
nanoparticle shape and how the dye stacks, while the electrostatic interaction affects the nanoparticle dimensions though the control of the stabilisation process.
This confirms the results reported in chapter 4.1 where the dye-dye interaction
was considered the primary parameter controlling nanoparticle shape.
In chapter 4.6, we have investigated the self-assembly of multivalent organic dyes
in combination with linear polyelectrolytes. These are completely different than
the previously used dendrimers whose are highly branched spherical molecules.
As polyelectrolytes, poly (diallyldimethyl-ammonium chloride) (PDADMAC) and
Poly (N-methyl-4-vinylpyridinium nitrate) (QPVP) have been used, while Ar26
and Ar27 have been used as dyes. In addition, a different dye has been used:
Acid Yellow 38 (Ay38). This dye trans-cis isomerizes upon irradiation with UV
light, and thus, has been used to form light-sensitive nanoparticles. Firstly, it
has been demonstrated that stable and well-defined nanoparticles form. This is
important since the polyelectrolytes used are simple, common and easily available molecules. As in the other studies, the molecular dye structure is the key
parameter regulating nanoaggregate shapes ranging from core-shell ellipsoids
over highly anisotropic cylinders to flexible fiber-like nanostructures with nano-
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diameter and micrometer length. Hence, the key role of the dye-dye interaction
in defining the nanoaggregate shape is confirmed for different kind of polyelectrolytes. UV-Vis spectroscopy has revealed that the polyelectrolytes controls the
dye stacking, while the nanoparticle are stabilised by the excess of charges. This
again confirms that despite the evident difference in the polyelectrolytes the selfassembly is substantially identical. The results of the systems containing the
light-sensitive dye Ay38 are worth noting. When Ay38 is used in combination
with PDADMAC, the nanoparticles exhibit a shape change from a µm-long flexible cylinder to compact core-shell ellipsoids upon UV-light-irradiation. Basically,
the nanoaggregate bends upon irradiation forming a much more spatially compact object. This is the first time that such phenomenon is observed for this kind
of systems and permits to store energy transforming it into structural changes.
On the opposite when Ay38 is used in combination with QPVP, no transition in
shape is observed upon irradiation with UV-light. It is not easy to understand
why the two systems behave differently. Possibly, the different behaviour arise
from the different molecular structure of the two polyelectrolytes: QPVP has an
aromatic ring in the lateral chain that might add an additional interaction preventing the transition, while PDADMAC has no additional aromatic rings. Despite its origin, the phenomenon is highly promising for applications as in the
case of nanosensors.
Overall, This study has brought new insights on the factor controlling the nanoparticle stabilisation, shape and dimensions. In particular, it has proven that the
thermodynamics of interaction occurring in the self-assembly has a fundamental
role. Moreover, electrostatic interaction is the key factor for the stabilisation of the
aggregates and their dimensions, while the π-π interaction controls the isotropicity of the aggregates.
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Conclusions and Outlook

In conclusion, these studies yield new insights into the electrostatic self-assembly
of charged polyelectrolytes and oppositely charged multivalent dyes. In particular, under focus are the different interactions and their interplay in the nanoparticle formation and stabilisation. Stable and well-defined nanoparticles with
dimensions from 100 nm to the micrometers are formed by electrostatic selfassembly. The investigated self-assembly is based on the electrostatic interaction
between the oppositely charged building blocks and the π-π interaction of the
dye molecules.
Choosing different building blocks results in the formation of nanoparticles with
different shape and dimensions. Different parameters are responsible of this phenomenon. The study of the interactions between the nanometric building blocks
permitted to understand that each interaction has his specific role. For example,
the electrostatic interaction controls the nanoparticle stability, and hence, their
dimensions. Changing its intensity through the screening of the building block
charge results in a change in dimensions: lowering the electrostatic interaction
results in larger aggregates. This has been described using the DLVO theory and
it results from the lowering of the repulsion between the building blocks. On
the other hand, the secondary interaction (i.e. π-π interaction) controls the nanoparticle shape. This is striking since the electrostatic interaction (fundamental
to form the nanoparticle) has no influence at all on the shape of the formed assembly. The existence of a threshold value in the π-π interaction separating the
building blocks forming elongated nanoparticles and the ones forming spherical
ones has been proven. In this case, ITC has been of fundamental importance since
it allowed to access the thermodynamics of the systems. From these studies it has
been confirmed that the entropy exchange generated by the nanoparticle formation can be divided into two terms one describing the electrostatic interaction and
one the π-π interaction; and it has been proven that each term has his own role
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on the nanoparticle formation. Changing the solution pH and the ionic strength
of the solution has been crucial to investigate the two terms separately. The π-π
stacking of the dyes is totally independent on the electrostatic interaction, while
it depends on the dendrimer generation used. This because the dendrimer generation means different molecular flexibility and volume, and hence, different geometrical constrains. The important role of the thermodynamics of the interactions
has to be further investigated. For instance, it would have extreme importance
the study of the self-assembled nanoparticles and of the building blocks interaction as a function of the temperature. This would give the possibility to establish
even more general conclusions on the role of the different interactions. In addition, it would be crucial to extend these findings to other self-assembled systems
since understanding the general principles behind nanoparticle formation is the
key to optimize the self-assembly process for example for industrial application.
Moreover, additional interaction could be added to the systems as for example
metal coordination or hydrogen bounding. This may results in more stable assemblies or even in new morphologies. For example, the addition of hydrophobic moieties might lead to the formation of hollow structures. Once the stability
in temperature is defined, it would be interesting to incorporate drug molecules
and study the stability of the assemblies and the release rate at different pH.
In addition to the effects of the building blocks interactions, another parameter
controls the self-assembly: the ratio between the building blocks. At low ratio
smaller nanoparticles are formed and free dendrimers are present in solution,
while at higher values all the dendrimers are aggregated and larger nanoparticles are formed.
The existence of the threshold value in the dye interaction separating the dyes
forming elongated structures and the one forming spherical assemblies has lead
to the studies of different dye mixtures in combination with generation 4 dendrimer. In principle mixing different dyes should simulate a dye with a π-π interaction strength in between the values of the single dyes. First of all, we have
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shown that the different dyes can stack on each other forming heterostacks. This
results in a change of the nanoparticle shape. For example in the case of ABnOHRAc and Ar27, elliptical nanoparticles are formed who are different than
the spheres formed by Ar27 and the long cylinders formed by ABnOHRAc. This
proves that it is possible to use mixture of dyes to simulate a dye with different ππ interaction strength. However, further studies are needed in the future in order
to understand more precisely how the different dye stacks. For example, theoretical simulation of the dye stacking are needed. In addition, circular dichroism
measurements could help to get more detailed information on the changes induced by the dye complexation.
Lastly, long linear polyelectrolytes have been used in combination with the same
set of azo dyes. Stable and well-defined nanoparticles are obtained also in this
case proving the generality of our self-assembly process. The elongated nature of
the polyelectrolytes molecules results in the formation of elongated nanoparticles
for all the dyes. Using a light controlled trans-cis isomerizable dye, it has been
possible to form light sensitive nanoparticles. Their shape can be changed from
ellipsoids to long fiber-like cylinders. In future studies, it will be possible to use
different polyelectrolytes to see if the shape transition can be observed for other
systems. In addition, polyelectrolytes with specific lateral chain can be used to
form nanoparticle with specific functionality.

This study is one of the few able to relate the structural properties on the
supramolecular scale to the interaction forces of the building blocks on the molecular arena and to their molecular properties. The finding of general relationships
between these properties will become more and more important in the future
leading to the understanding of general principles behind supramolecular selfassembly. From these results, it will be possible to predict nanoparticle shapes
knowing only the thermodynamic parameters for the interaction of the chosen
molecular building blocks. Thus, a precise molecular design of the dye molecule
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(e.g. choosing appropriate substituents) will allow tailoring the structure of the
nanoparticles. Hence, with this thesis fundamental steps in developing a box of
molecular “building bricks” allowing for a targeted structural design have been
made. This may, for example, be of potential in the development of novel selfassembled photocatalysts or smart therapeutic carrier systems.
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ABSTRACT: The rational design of supramolecular nanoparticles
by self-assembly is a crucial ﬁeld of research due to the wide
applications and the possibility of control through external triggers.
Understanding the shape-determining factors is the key for tailoring
nanoparticles with desired properties. Here, we show how the
thermodynamics of the interaction control the shape of the nanoparticle. We highlight the connection between the molecular
structure of building blocks, the interaction strength, and the nanoassembly shape. Nanoparticles are prepared by electrostatic
self-assembly of cationic polyelectrolyte dendrimers of diﬀerent generations and oppositely charged multivalent organic dyes
relying on the combination of electrostatic and π−π interactions. Diﬀerent building blocks have been used to vary interaction
strength, geometric constraints, and charge ratio, providing insights into the assembly process. The nanoassembly structure has
been characterized using atomic force microscopy, static light scattering, small angle neutron scattering, and UV−vis
spectroscopy. We show that the isotropy/anisotropy of the nanoassemblies is related to the dye valency. Isothermal titration
calorimetry has been used to investigate both dye−dye and dye−dendrimer interaction. The existence of a threshold value in
entropy and enthalpy change separating isotropic and anisotropic shapes for both interactions has been demonstrated. The
eﬀects of the dye molecular structure on the interaction thermodynamics and therefore on the nanoparticle structure have been
revealed using molecular modeling. The polar surface area of the dye molecule takes a key role in the dye self-interaction. This
study opens the possibility for a priori shape determination knowing the building blocks structure and their interactions.
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π−π stacking or geometric factors. Hence, the key point is a
general combination of interactions, rather than relying on
speciﬁc binding motifs. For instance, multivalent azo dye
building blocks interconnect dendrimeric macroions into
nanoparticles with sizes up to more than 100 nm.35,39−42
Switchable nanoparticles that can respond to external triggers,
such as pH or light, have been built,7,35,41,42 and of particular
potential are organic−inorganic hybrid assemblies where the
polyelectrolyte enables the “communication” of an inorganic
nanoparticle and the dye molecules.43 Porphyrin−polyelectrolyte assemblies form a novel functional photocatalytic nanosystem for light energy conversion.44
Recently, the inﬂuence of the dendrimer size and the
molecular structure of the dye building blocks on the resulting
nanoparticle structures has been demonstrated.45,46 A threshold
in free energy below which no dendrimer interconnection takes
place and a quantitative relation of the self-assembled
nanoparticle size and the free energy of dye−dye and dye−
dendrimer association became evident. The free energy of the
assembly formation was shown to consist of an electrostatic
contribution between dyes and dendrimers and a π−π
contribution between the dyes. Ultimately, a simple model has
been developed to connect the free energy with the aggregation
number.47

INTRODUCTION
Self-assembly is an important route to organizing soft matter.1−9
A variety of structures and functions in natural systems is
realized by supramolecular assemblies, ranging from cell
membranes to protein complexes for photosynthesis. Synthetic
self-assembled structures with high potential are, for example,
supramolecular polymers,10−14 composite materials,15−18 or
carrier systems.19−23 Great potential lies in the synthetic design
for solar cells or drug delivery. In this framework, understanding
the shape-determining factors is the key to a rational creation of
target nanostructures. However, fundamental understanding of
self-assembly often is limited. The architecture of the molecular
building blocks has been demonstrated to be one of the key
factors controlling the structure of the ﬁnal nanoscale
assemblies.24−29 In the last years, the driving forces and the
basic principles of the self-assembly process have been the topic
of theoretical developments.30−32 While the structure control in
the self-assembly of amphiphilic systems is quite well known,
diﬀerent noncovalent interactions and their combinations have
come into focus for nanostructure design more recently.16,18,19,33 For example, we developed a new concept of
electrostatic self-assembly for the formation of supramolecular
nanoscale assemblies that show a well-deﬁned size and exhibit a
variety of shapes such as spheres, cylinders, and hollow spheres
with narrow size distribution.35−38 The process is based on the
interconnection of macroions through “structural” multivalent
organic counterions under secondary interaction eﬀects such as
© 2015 American Chemical Society
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Scheme 1. Azo Dyes and Dendrimer Building Blocks
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RESULTS AND DISCUSSION
This study comprises the structural characterization of the dye−
dendrimer nanoparticles and the thermodynamic analysis of
their formation including both the electrostatic interaction
between dyes and dendrimers and the mutual π−π interaction
that occurs between the dyes, analyzing the changes in free
energy, entropy, and enthalpy. The focus lies on understanding
the structures formed, in particular, the assembly shape. Some of
the dyes were already investigated in a previous study50 (Ar26,
tBARAc, ARAc, Ar27, Ar18, and SuARAc), while others have
been synthesized within this study (APhAcOHRAc, ABnOHRAc, and SuACAc). To explore the role of electrostatic
interaction, both di- (Ar26, ABnOHRAc, ARAc, tBARAc) and
trivalent (APhAcOHRAc, Ar18, Ar27, SuARAc) dyes have been
studied. In section 1 the structural characterization will be
presented. It consists of AFM, SANS, and SLS to investigate the
shape and size of the nanoparticles and UV−vis spectroscopy to
study the π−π stacking of the dye molecules. The loading ratio is
deﬁned as the molar ratio of dye sulfonate to dendrimer primary
amino groups

In contrast to the size tuning, the encoding of particle shape
so far has not been understood, while this would open the
possibility for shape control through building block selection.
At this point, for a thorough fundamental understanding on
how electrostatic interaction, π−π stacking, and geometric
factors act together in the self-assembly on shape, a detailed
structural characterization of the self-assembled nanoparticles is
required focusing on the interplay of interactions with special
attention to the role of the molecular building blocks. As a
model system, we investigated electrostatically self-assembled
nanoparticles from polyamidoamine (PAMAM) dendrimers
and oppositely charged azo dyes (Scheme 1). The structure of
the aggregates will be investigated as a function of the azo dye
molecular structure, of the dendrimer generation (from 2 to 8),
and of the component ratio. These parameters permit the
modiﬁcation of interaction strength, ﬂexibility of the particles,
geometric constraints, and charge compensation providing
insights into the assembly process. An extended set of azo
dyes, partially synthesized within this study, allows a systematic
variation of the valency, the π-backbone, and the position of the
charged groups. The nanoparticle structure has been characterized using atomic force microscopy (AFM), small angle
neutron scattering (SANS), static light scattering (SLS), and
UV−vis spectroscopy. Isothermal titration calorimetry (ITC)
has been performed to study thermodynamics. Molecular
modeling of the dye then permits one to connect the nanoscale
structure and thermodynamics with the molecular dye properties. We present insight into the delicate balance of factors
governing structure formation: it will be shown how the
thermodynamics of the interaction between the building blocks
controls not only the nanoassembly size but also their shape.
Moreover, a relationship between the dye molecular properties
and the interaction strength is established. This is a crucial step
in creating a molecular toolbox allowing for directed selfassembly into tailor-made nanoparticles with desired shape and
size by selecting appropriate building block combinations. To
the best of our knowledge, this is the ﬁrst time that a relationship
of building block molecular properties, thermodynamics, and
nanoscale shape is observed in electrostatic self-assembly.

l=

c( −SO3−)
c( −NH 2)

(1)

In section 2 a detailed analysis of the dye−dye and dye−
dendrimer interaction thermodynamics is presented where a key
point is to draw a connection of the structural features on the
nanoscale with the molecular level. In section 3, it is shown how
the molecular electrostatic properties of the dye molecules
control the dye−dye interaction and thereby the nanoparticle
structure.
1. Structural Characterization. AFM. To obtain ﬁrst
structural information on the nanoaggregates, AFM measurements have been carried out. We investigated Ar26 with
generation 4 and 8 dendrimers (G4 and G8). Results are
displayed in Figure 1. The images show individual particles with
diﬀerent shapes for the two diﬀerent samples. Ar26 and G4
dendrimers (Figure 1a) form ellipsoidal particles, while the
shape is completely diﬀerent when G8 is used (Figure 1b). In
the latter case the nanoparticles are again elongated, but the
aspect ratio is larger. These nanoaggregates are rod-like with a
length of roughly 1 μm and a cross-section of 100 nm. In
addition, these nanoparticles appear to be rather ﬂexible in
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to 300 nm. This may be due to the incorporation of more
dendrimer molecules; they are free at low loading ratios, while
they connect to the nanoparticles at higher loading ratios. The
polyelectrolyte molecules attach to the cylinders at the two ends,
increasing their length and not changing the cross-section, thus
modifying the particle aspect ratio. A diﬀerent behavior can be
found choosing APhAcOHRAc and G4 as building blocks
(Figure 3c). Aggregates have a core−shell spherical shape and
become smaller with loading ratio (from a total radius Rtot = 87
nm to Rtot = 46 nm). The ﬁtting model describes a particle with
a denser core and a less dense shell. Probably less dyes and
dendrimers are incorporated in the shell, and hence, a less dense
structure results. The behavior of ABnOHRAc and G7 (Figure
3d) is again diﬀerent: at loading ratio 1.0 just single dendrimer
molecules loaded with dye can be found. At loading ratios
between 1.2 and 1.6, the molecular building blocks self-assemble
into ellipsoids. At loading ratio 1.8 some of these ellipsoids
aggregate together forming a larger elliptical cylinder. The same
dye in combination with G8, as seen in Figure 3e, forms elliptical
cylinders already at low loading ratio, and the cross-section
remains unchanged while the length increases from 120 nm to
400 nm with the loading ratio. An interesting dependency
results for Ar27 and G8 dendrimer (Figure 3f): at loading ratio
1.0 dendrimer dimers are observed, while at higher loading
ratios two diﬀerent structures coexist in solution: a small
cylinder with the cross section of a single dendrimer molecule
and a larger elliptical cylinder. The peculiarity of this system is
that the cross-section of the elliptical cylinder increases with
loading ratio, whereas in all other systems it remains constant.
In addition to the diﬀerences in the particle shape another
behavior of the SANS curves results for all samples. At low
loading ratio (below l = 1.5), the curves clearly show two
contributions: one at low q and another around 0.7 nm−1. The
signal at low q arises from the large nanoparticles formed by the
interaction of dendrimers and dye molecules as discussed above,
while the other can be attributed to small particles, which can be
either individual dye-loaded dendrimers or small aggregates
(size between 8 nm and 20 nm). The signal of the smaller
particles is higher at loading ratio 1.0, where the excess of
polyelectrolyte charges is maximal, and decreases continuously
until loading ratio 1.5. At even higher loading ratio only the
larger nanoassemblies are present in solution. Here the free
polyelectrolyte molecules are loaded with suﬃcient dye to be all
interconnected.
To summarize, the loading ratio is a crucial parameter in
nanoparticle formation: it controls the dimensions of the
nanoassemblies and the ratio between unassembled molecular
building blocks and nanoparticles. In some cases it also has an
eﬀect on the shape of the self-assembled nanoparticles. With one
exception, it plays no role on the cross-section of the aggregate.
The shape and cross-section crucially depend on the building
blocks, as will be discussed in the following.
To investigate the role of the dye structure and valency in the
self-assembly, measurements have been made keeping the
loading ratio and the dendrimer generation constant. Shape
results are depicted in Scheme 2. Reading horizontally the line
regarding G4, both spherical and elongated particles can be
found, while in the case of G8 only elongated structures occur.
For generation G4, three diﬀerent structures can be observed:
core−shell spheres, ellipsoids, and cylinders. Therefore, the dyes
can be divided into two groups: the ﬁrst forming isotropic
aggregates (Ar18, Ar27, SuARAc, and APhAcOHRAc) and the
second forming anisotropic particles (Ar26, ABnOHRAc,

Figure 1. AFM images for (a) Ar26 + G4 at l = 1.8 and (b) Ar26 + G8
at l = 1.8.

comparison to the ones for Ar26 and G4. Therefore, we can
conclude that diﬀerent dendrimer generations result in diﬀerent
assembly shapes.
SANS and SLS Measurements. To gain insights into the
nanoparticle shape and dimensions in solution we performed
SANS experiments. Samples were prepared at pH 3.5 to provide
complete protonation of the polyelectrolyte. Considering that a
loading ratio of 2 corresponds to charge stoichiometry, we
investigated loading ratios between 1 and 1.8, i.e., with excess of
polyelectrolyte leading to well-deﬁned and stable dye−
dendrimer nanoparticles.39 To better understand the shape of
the nanoparticles, static light scattering measurements have
been carried out. These measurements permit extending the q
range to lower q values, covering the dimensions of the large
nanoparticles.

Figure 2. SANS results for ABnOHRAc + G7 at l = 1.8.

The results for ABnOHRAc and G7 dendrimer are depicted
in Figure 2. The SANS curve, at low q, clearly indicates the
presence of nanoparticles in solution. From the I(qmin), one can
conclude that the size is larger than 600 nm, which is 100 times
larger than the building block size. To obtain the shape and the
dimensions of the nanoaggregates, the curve has been ﬁtted
using structural models. In the case of ABnOHRAc and G7, the
resulting nanoparticles are cylinders with elliptical cross-section
with a length of 550 nm; the minor axis of the cross-section is 22
nm; the major one is 66 nm. Scattering curves for the most
important samples including a series of varying loading ratios are
shown in Figure 3. The corresponding shapes and dimensions
are summarized in Tables 1 and 2: for diﬀerent dyes and
dendrimer generations, nanoparticles diﬀerent in shape and
dimension can be found. In the case of Ar26 and G4 dendrimer
(Figure 3a) the nanoparticles are cylinders with elliptical crosssection; the length of the nanoparticles increases with the
loading ratio, while the cross-section remains constant. From
loading ratio 1.0 to 1.8 the length almost doubles, from 170 nm
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Figure 3. SANS results at diﬀerent loading ratios for (a) Ar26 + G4, (b) Ar26 + G8, (c) APhAcOHRAc + G4, (d) ABnOHRAc + G7, (e) ABnOHRAc
+ G8, and (f) SuACAc + G8. Continuous lines represent the best ﬁt. Results of the ﬁts are summarized in Table 1.

To further investigate the inﬂuence of polyelectrolyte
dimension and ﬂexibility on the assembly structure, diﬀerent
dendrimer generations have been used. The shape results are
again depicted in Scheme 2: this time the table should be read
vertically. The SANS curves are reported in Figure 4. It is
evident that the nanoparticle shape is strongly dependent on the
dendrimer generation. In most cases (except of ABnOHRAc), a
higher anisotropy is found for dendrimers of higher generation.
No isotropic nanoparticles can be found with G8 dendrimer.
It can be concluded that the larger the polyelectrolyte building
block is, i.e., the less ﬂexible, the higher the anisotropy of the
nanoassemblies. Even dyes that tend to form isotropic particles
as a cause of their structural constraints are “forced” to build
elongated structures by the G8 dendrimer. Looking in more
detail at Ar26, the nanoparticles become more anisotropic as the

SuACAc, ARAc, and tBARAc). For G4, among the dyes that
form the same shape, the dimensions diﬀer. In the case of
spherical nanoparticles, the total radius Rtot varies between 44
nm and 143 nm. tBARAc and SuACAc form ellipsoids. The axes
of the nanoparticles made of tBARAc are 13 nm and 60 nm,
while the ones of SuACAc are 47 nm and 120 nm. Ar26,
ABnOHRAc, and ARAc form cylinders with elliptical crosssection. Despite a diﬀerence in length, Ar26 and ARAc show
similar cross-section dimensions, which may be understood
considering that more dendrimers attach to the end of the
structure than to the side of the cylinder determining a preferred
direction during the self-assembly process. ABnOHRAc instead
forms longer cylinders, which become ﬂexible. The choice of dye
is crucial in targeting the dimensions of the nanoparticles.
1283

DOI: 10.1021/jacs.5b11497
J. Am. Chem. Soc. 2016, 138, 1280−1293

Article

Journal of the American Chemical Society
Table 1. Geometric Parameters Resulting from the SANS Fits for Elongated Nanoparticles
cross-section
system
Ar26 + G2
Ar26 + G4

Ar26 + G5
Ar26 + G7
Ar26 + G8

APhAcOHRAc + G8
ABnOHRAc + G4
ABnOHRAc + G5
ABnOHRAc + G7

APhAcOHRAc + G8
ABnOHRAc + G8

Ar27 + G8

SuARAc + G8
SuACAc + G4
SuACAc + G8

tBARAc + G4
ARAc + G4
ARAc + G8

l

shape

Rmin (nm)

1.8
1.0
1.2
1.5
1.8
1.8
1.0
1.8
1.0
1.2
1.4
1.5
1.7
1.8
1.0
1.2
1.5
1.8
1.0
1.0
1.2
1.5
1.65
1.8
1.0
1.2
1.0
1.1
1.2
1.5
1.6
1.8
1.0
1.5
1.8
1.5
1.8
1.0
1.8
1.0
1.5
1.8
1.8
1.8
1.8

ellipsoid
ellipt. cylinder
ellipt. cylinder
ellipt. cylinder
ellipt. cylinder
cylinder
ellipt. cylinder
ﬂex. ellipt. cylinder
cylinder (= dimer)
cylinder
ellipsoid
ellipsoid
ﬂex. ellipt. cylinder
ﬂex. ellipt. cylinder
cylinder (= dimer)
ellipsoid
ﬂex. ellipt. cylinder
ﬂex. ellipt. cylinder
ellipsoid
none
ellipsoid
ellipsoid
ellipsoid
ellipt. cylinder
cylinder (= dimer)
ellipsoid
ellipt. cylinder
ellipt. cylinder
ellipt. cylinder
ellipt. cylinder
ellipt. cylinder
ellipt. cylinder
cylinder (= dimer)
ellipt. cylinder
ellipt. cylinder
ﬂex. ellipt. cylinder
ﬂex. ellipt. cylinder
ellipsoid
ellipsoid
ellipsoid
ellipsoid
ellipsoid
ellipsoid
ellipt. cylinder
ellipsoid

30 ± 1
12 ± 1
12 ± 1
11 ± 1
11 ± 1
35 ± 2
35 ± 2
22 ± 1
4
4
11 ± 1
9±1
9±1
10 ± 1
4
19 ± 1
7±1
7±1
17 ± 1
14 ± 1
18 ± 1
19 ± 1
22 ± 1
4
19 ± 1
12 ± 1
12 ± 1
17 ± 1
10 ± 1
14 ± 1
12 ± 1
4
13 ± 1
28 ± 1
11 ± 1
8±1
11 ± 1
47 ± 2
15 ± 1
32 ± 2
21 ± 1
13 ± 1
19 ± 1
28 ± 2

dendrimer generation increases. Ar26 and G2 form ellipsoids
with one axis of 80 nm and the other of 30 nm. With G4 and G5,
cylindrical particles are found, e.g., for G4 the length is 300 nm
and the cross-section is elliptical with a minor axis of 11 nm and
a major one of 44 nm. With G7 and G8, Ar26 forms ﬂexible
cylinders. For G7 the length is 870 nm, the persistence length is
320 nm, and minor and major axis are 22 nm and 57 nm. For
Ar26 and G8 the length is 1.3 μm, the persistence length is 420
nm, the minor axis is 10 nm, and the major one is 26 nm.
Interestingly, the cross-section aspect ratio is constant, while the
overall aspect ratio doubles. Thus, by increasing the dendrimer
size the self-assembled nanoparticles become larger and more
elongated. A similar behavior can be found for APhAcOHRAc,

Rmaj (nm)
44
46
30
44

±4
±4
±3
±4

77 ± 5
57 ± 3

31 ± 4
26 + 3

35 ± 5
42 ± 6

66 ± 3

46
41
56
37
55
48

±4
±4
±3
±4
±4
±4

33
73
65
55

±3
±3
±7
±7

57 ± 3

L (nm)
160
170 ± 10
180 ± 10
185 ± 5
300 ± 10
220 ± 10
175 ± 10
870 ± 40
19 ± 1
40 ± 2
105 ± 5
92 ± 5
1400 ± 80
1400 ± 80
20 ± 2
130 ± 10
710 ± 30
2100 ± 100
180 ± 10
86 ± 5
120 ± 10
130 ± 10
550 ± 20
20 ± 2
130 ± 10
120 ± 10
170 ± 10
200 ± 10
200 ± 10
340 ± 20
400 ± 20
18 ± 1
200 ± 10
260 ± 20
210 ± 10
2100 ± 90
120 ± 10
240 ± 20
130 ± 10
300 ± 20
220 ± 20
120 ± 10
470 ± 20
250 ± 10

P (nm)

320 ± 20

500 ± 20
420 ± 20

300 ± 20
140 ± 10

40 ± 3
40 ± 3

small particle
none
G4
G4
G4
none
none
G7
none
none
none
cylinder as l = 1.2
cylinder as l = 1.2
dimers
dimers
none
dimers
none
none
G5
G7
G7
G7
G7
none
none
dimers
G8
G8
G8
G8
G8
none
none
cylinder
cylinder
G8
none
dimers
none
dimers
none
none
none
none
none

changing the structure from spherical particles for G4 to
ellipsoids for G8.
Hence, structural characterization reveals that the loading
ratio controls the number of dendrimers forming the nanoparticles. Single dendrimers or dimers can coexist with larger
nanoassemblies at low loading ratio, while at loading ratios
above 1.5 all dendrimers are aggregated. For elongated
nanoparticles, as the loading ratio increases, the length grows
while the cross-section remains constant. The aspect ratio is
therefore strongly related to the loading ratio. On the other
hand, the shape of the assemblies is not related to the loading
ratio in most cases. The assembly shape is caused by building
block choice: diﬀerent shapes originate from diﬀerent dyes and
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dimensions, number of interacting points, and dendrimer
ﬂexibility. Higher dendrimer generations promote the formation
of anisotropic nanoparticles as well as larger particle sizes.
UV−vis Spectroscopy. UV−vis results for diﬀerent dyes and
two dendrimer generations (G4 and G8) are depicted in Figure
5. The binding of dyes to dendrimers due to ionic interaction
induces the spatial proximity of the dye molecules, and thereby
dyes can mutually interact and form π-stacks.38,39,47,48 This
causes the splitting of the ﬁrst excited state of the monomer and
can be described applying exciton theory.49−53 From this, two
geometric parameters can be extracted: the intermolecular dye−
dye distance R and the twist angle β between two dyes
molecules.54 The ﬁtting results are given in Figure 5 and, for
loading ratio l = 1.8 in Table 3. It is worth noting how the twist
angle is related to the nanoparticle shape. For G4 dendrimer, for
all systems forming isotropic structures the angle is around 37−
38°, while for anisotropic structures it is higher than 40°.
Moreover, with G8 (i.e., where all systems form elongated
structures) only angles larger than 40° are observed. The twist
angle versus the loading ratio is depicted in Figure 6. Taking into
account the angular behavior in the case of G4, assemblies with
diﬀerent shape show a diﬀerent variation of the twist angle. For
spherical particles the angle remains constant (variation of less
than 3°), while for elongated particles it changes by 15°. For G8,
instead, the changes are larger than 25°. ABnOHRAc diﬀers: it
forms elongated structures with both G4 and G8, but the angle
is independent of loading ratio and dendrimer generation. As
shown from SANS measurements, it must be kept in mind that
single dendrimers loaded with dyes can be found at loading
ratios lower than 1.5. The presence of this second species can
inﬂuence the UV−vis measurements and consequently the
angle. The intermolecular dye distance R appears not to be
connected to the shape of the nanoparticle but only depends on
the dye itself. There appears to be a ﬁxed range of dye−dye
distances from 0.65 to 0.80 nm for all dyes.55 Further
discussions of the structural parameters obtained from the
UV−vis measurements will be presented in the next section in
context with the thermodynamics results. In conclusion, all dyes
with twist angles larger than 40° form anisotropic nanoparticles,
whereas the dyes that form isotropic aggregates have a constant
angle of about 38°.
2. Thermodynamics. Previously, isothermal titration
calorimetry has led to an attraction−repulsion model allowing
the understanding of the ﬁnite assembly size. It has been
demonstrated that the assembly process is governed by the
mutual dye−dye interaction. No relation of thermodynamics
and nanoscale shape of the self-assembled particles exists so far.
Herein, we extend the ITC measurements to a larger set of
dyes and dendrimer generations while simultaneously elucidating how the thermodynamics of the interaction encodes the
shape of the nanoparticles. For this purpose, both dye dilution
experiments and dendrimer into dye titrations were performed
to investigate the dye self-aggregation and the dye−dendrimer
interaction, respectively. In the following, ﬁrst, the results on
dye−dye interaction and, second, those on dye−dendrimer
interaction will be presented, relating all of them to the shape of
the nanoparticles.
ITC raw data and their analysis are shown in Figure 7. The
raw heat traces of the titration experiments are depicted in the
upper plot. For the dilution experiments (Figure 7a and 7b), the
lower plot shows the integrated heat for each injection versus
the dye concentration in the titration cell. For the dye−
dendrimer experiments (Figure 7c and 7d), again the lower plot

Table 2. Geometric Parameters Resulting from the SANS Fits
for Spherical Core−Shell Nanoparticles
system

l

APhAcOHRAc + G4

1.1
1.3
1.5
1.8
1.0
1.8
1.0
1.8
1.8
1.8
1.8

APhAcOHRAc + G5
APhAcOHRAc + G7
Ar27 + G4
Ar18 + G4
SuARAc + G4

Rcore (nm)
19 ±
29 ±
37 ±
28 ±
2.9
61 ±
59 ±
198 ±
13 ±
90 ±
45 ±

Rtot (nm)

1
1
2
1

87
64
52
46

±4
±3
±3
±2

2
3
10
1
3
2

81
86
273
44
143
64

±3
±4
± 20
±3
±5
±3

small particle
G4
G4
G4
none
none
none
G4
none
none
none
none

Scheme 2. Nanoparticle Shapes Resulting from SANS as a
Function of Dye Type and Dendrimer Generation

Figure 4. SANS curves of Ar26 and diﬀerent dendrimer generations.
Diﬀerent shapes correspond to diﬀerent generations.

diﬀerent dendrimer generations. These two parameters together
deﬁne the strength of dye−dendrimer and dye−dye interaction,
stemming from diﬀerences in dye valency, geometry,
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Figure 5. UV−vis spectroscopy. (a) Spectra for Ar26 + G8 at three loading ratios. (b) Spectra for ABnOHRAc + G4 at three loading ratios. (c and d)
Exction theory applied to Ar26 + G8 and Ar27 + G8.

Results for the dye dilution are reported in Table 4. Values
between ΔHdye−dye = −30 kJ mol−1 and ΔHdye−dye = −8 kJ mol−1
have been found, while the entropy change is between
TΔSdye−dye = −21 kJ mol−1 and TΔSdye−dye = −4 kJ mol−1.
The trivalent dyes (Ar18, Ar27, and SuARAc) show a higher
ΔHdye−dye than the divalent ones. Their values vary between
ΔHdye−dye = −8 kJ mol−1 and ΔHdye−dye = −20 kJ mol−1, while
the divalent ones have enthalpies lower than ΔHdye−dye =
−20 kJ mol−1. APhAcOHRAc with ΔHdye−dye = −20.2 kJ mol−1
lies between the trivalent dyes and the divalent ones. This is due
to its carboxylic acid group with a pKa of 4.1. At pH 3.5 the dye
is to 20% in the trivalent and to 80% in the divalent state. This
may be used to tune its valency by regulating the pH, opening
new possibilities in the control of the nanoparticle shape.
Considering the ΔHdye−dye in conjunction with the shape of
the nanoparticles as measured by SANS (Figure 8), a threshold
value clearly appears around ΔHdye−dye = −21 kJ mol−1: below
that self-assembly into spherical nanoparticles occurs, above it
self-assembly into elongated structures occurs. Moreover, this
value separates tri- and divalent dyes, because trivalent dyes
form isotropic assemblies while divalent ones form anisotropic
assemblies. Therefore, the valency of the organic dye ions is a
crucial parameter in controlling the shape of the self-assembled
nanoparticles. Due to the additional charge, trivalent dyes bind
to a greater extent to protonated amino groups, and this may
restrict the geometric conformations available. In the case of
APhAcOHRAc, 20% of trivalent state is suﬃcient to prevent the
formation of elongated particles and forces the nanoparticles to
be spherical. Furthermore, the trivalent dye molecules likely
require more expressed conﬁguration changes of the dendrimer

Table 3. Analysis of Mutual Dye Geometry According to
Exciton Theory at Loading Ratio l = 1.8
system

R (nm)

β (deg)

Ar26 + G4
tBARAc + G4
ABnOHRAc+ G4
APhAcOHRAc + G4
SuARAc + G4
Ar27 + G4
Ar26 + G8
tBARAc + G8
ABnOHRAc + G8
APhAcOHRAc + G8
SuARAc + G8
Ar27 + G8

0.75 ± 0.03
0.65 ± 0.03
0.71 ± 0.03
0.74 ± 0.03
0.75 ± 0.03
0.65 ± 0.04
0.68 ± 0.04
0.68 ± 0.03
0.73 ± 0.03
0.75 ± 0.03
0.75 ± 0.03
0.78 ± 0.02

55 ± 1
43 ± 1
38 ± 1
38 ± 1
38 ± 1
37 ± 1
51 ± 1
67 ± 1
39 ± 1
41 ± 1
45 ± 1
46 ± 1

shows the integrated heat normalized per mole of injectant
versus molar ratio of dendrimer to dye in the titration cell. The
ITC curves can then be extrapolated to zero molar ratio to
obtain the enthalpy of association, or they can be ﬁtted with a
one-site model. The two approaches yield the same results, and
the one-site model will be applied in the following. It yields the
equilibrium aggregation constant K and consequently the Gibbs
free energy change of the association ΔG,56,57 and together with
the enthalpy change ΔH it leads to the entropy change ΔS:
ΔG = −RT ln K

ΔG = ΔH − T ΔS

(2)
(3)
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and, in more detail, that only the dyes with a strong π−π
interaction can form anisotropic nanoparticles. This can be
understood considering that the dye−dye interaction is mainly
anisotropic and thus may induce a preferred growth direction to
the assemblies.
Next, it is of interest to consider the free energy change
ΔGdye−dye. Trivalent dyes show values between ΔGdye−dye =
−15 kJ mol−1 and ΔGdye−dye = 13 kJ mol−1, while the divalent
ones have values lower than ΔGdye−dye = −15 kJ mol−1. Again,
APhAcOHRAc with ΔGdye−dye = −16 kJ mol−1 has a value that
lies between the two kinds of counterions. The threshold also
can be observed in dye−dye entropy TΔSdye−dye. The fact that
the threshold is evident in all thermodynamic dye−dye
parameters but most expressed in ΔHdye−dye reﬂects the fact
that the dye−dye interaction is enthalpy dominated. It is
predominantly caused by π−π overlap energy rather than by a
hydrophobic eﬀect entropic in nature. Hence, it is clearly
evident that the dye−dye interaction is crucial, not only for
extended dendrimer interconnection but also for encoding the
aggregate shape. For the ﬁrst time it is possible to predict the
structure of the nanoparticles formed by dendrimers and dyes by
knowing the strength of the dye−dye interaction. This is a key
step in the deﬁnition of a molecular toolbox that allows for a
targeted structure design in terms of assembly size and shape.
Furthermore, the dye−dendrimer interaction has been
investigated. For these studies G4 dendrimer has been used as
polyelectrolyte, as reported in Table 5. In particular, trivalent
dyes yielding spherical aggregates have lower values for both
enthalpy and entropy change. Figure 9 displays the interplay of
enthalpy and entropy. Here, the three trivalent dyes lie in the left
corner of the graph. The diﬀerence in enthalpy and entropy
change is approximately 10 kJ mol−1. Spherical and elongated
structures are again separated in ΔHdye−den and TΔSdye−den as
was found for the dye−dye interaction. For APhAcOHRAc,
which is a mixture of di- and trivalent dyes at pH 3.5, ΔHdye−den
and TΔSdye−den lie between the two regions but closer to the
values of the divalent dyes. This might be expected because the
divalent conﬁguration is predominant. In particular, ΔHdye−den
for APhAcOHRAc is almost identical to that of the divalent dye
tBARAc, resulting in a less deﬁned threshold between elongated
and spherical aggregates. Despite the diﬀerences in enthalpy and
entropy, the so-called entropy−enthalpy compensation can be

Figure 6. Geometric results from the exciton analysis: twist angle in
dependence on diﬀerent loading ratios (a) for G4 dendrimer and (b)
for G8 dendrimer.

to realize a high number of ion pairs of dye sulfonate and
dendrimer ammonium groups, and steric hindrance plays a role.
This is conﬁrmed when the ratio of the number of dyes bound
to one dendrimer molecule to the maximum number of dye
molecules that can bind to the dendrimer is considered: for
divalent dyes this varies between 0.94 and 0.98, while for
trivalent dyes it is between 0.90 and 0.93 only. Moreover, the
divalent dyes have a lower value for the enthalpy than the
trivalent dyes. This means that elongated particles can be
formed only when the dye−dye interaction is strong enough

Figure 7. Isothermal titration calorimetry for (a) dilution of APhAcOHRAc, (b) dilution of ABnOHRAc, (c) titration of G4 dendrimer into
APhAcOHRAc, and (d) titration of G4 dendrimer into ABnOHRAc, all in formic acid buﬀer (pH = 4).
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Table 4. Thermodynamic Data for the Dye−Dye Interaction Resulting from ITC
dye
SuACAc
Ar26
tBARAc
ABnOHRAc
APhAcOHRAc
Ar27
SuARAc

charge

ΔHdye−dye (kJ mol−1)

2−
2−
2−
2−
2−
3−
3−

−29.1
−29.0
−25.4
−24.3
−20.2
−20.0
−8.2

Kdye−dye (L mol−1)
1.1 ×
2.9 ×
6.3 ×
5.0 ×
5.8 ×
1.3 ×
5.6 ×

Figure 8. Enthalpy variation measured for dye−dye interaction. A
threshold value at ΔHdye−dye = −21 kJ mol−1 separates elongated and
spherical structures.

3

10
103
102
102
102
102
10−3

ΔGdye−dye (kJ mol−1)

TΔSdye−dye (kJ mol−1)

−17.4
−19.8
−16.0
−15.4
−15.8
−12.0
12.9

−11.6
−9.2
−9.4
−8.9
−4.4
−8.0
−21.1

Figure 9. Enthalpy−entropy relation for dye−dendrimer interaction.

seen in Figure 9.46 In the present study more dyes have been
investigated and a more precise ﬁt can be presented, which
yields a slope of 1.3. This means that the interplay of enthalpy
and entropy changes the free energy to some extent. A clear
separation is found if the dye−dendrimer entropy exchange is
taken into account: the trivalent dyes and APhAcOHRAc are the
ones with the lowest entropy. A threshold value between
anisotropic and isotropic structures can be identiﬁed for the
interaction around TΔSdye−dendrimer = −10 kJ mol−1.
It is now of great interest to connect the results from UV−vis
to the thermodynamic interaction parameters. First, the twist
angle as a function of the dye−dye interaction enthalpy
ΔHdye−dye can be analyzed. As reported in Figure 10 for G4
dendrimer, the angle is constant for the isotropic structures,
while it changes for elongated particles. Thus, it is evident that
the twist angle is related to the nanoscale structure and,
therefore, to the strength of the dye−dye interaction. For the
dyes forming spherical particles the angle varies less than 1°,
while for the others it changes by approximately 16°.
Interestingly, the angle for the divalent dyes appears to vary
linearly with ΔHdye−dye. Therefore, it can be concluded that a
certain interaction strength is required to obtain elongated

Figure 10. Twist angle in dependence on ΔHdye−dye. For trivalent dyes
it is constant, while for divalent ones it changes linearly with ΔHdye−dye.

structures; this increased strength acts on the angle between the
dye molecules, yielding a more tilted conﬁguration. Remarkably,
the angle of ABnOHRAc, a dye forming elongated structures, is
equal to the value measured for the trivalent dyes. It is therefore
equal to the twist angle of the dyes in the spherical structure.

Table 5. Thermodynamic Data for the Dye−Dendrimer G4 Interaction Resulting from ITC
dye
SuACAc
Ar26
ABnOHRAc
tBARAc
APhAcOHRAc
Ar18
Ar27
SuARAc

charge

ΔHdye−den (kJ (mol dye)−1)

1−
2−
2−
2−
2−
3−
3−
3−

−11.3
−49.0
−47.5
−51.1
−50.9
−58.7
−62.5
−62.7

Ndye per G4
206
62
63
59
52
38
39
38

Kdye−den (L mol−1)
2.6 ×
5.0 ×
3.6 ×
3.0 ×
3.9 ×
1.0 ×
6.0 ×
3.2 ×
1288

5

10
107
107
107
106
107
107
107

ΔGdye−den (kJ (mol dye)−1)

TΔSdye−den (kJ (mol dye)−1)

−30.9
−44.0
−43.1
−42.9
−37.6
−39.9
−44.4
−42.8

19.5
−5.0
−4.4
−8.2
−13.2
−18.8
−18.1
−19.9
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Scheme 3. Electrostatic Potential at the Molecular Surface for the Dye Molecules: Each Top View (left) and Front View (right)

here consider the dipole moment μ, the polarizability α, and the
polar surface area PSA of the molecule. The PSA is the sum of
the areas of the van der Waals surfaces of the polar atoms in a
molecule, which has been demonstrated to be crucial to predict
drug transport properties.65,66 The dipole moment has been
related to the free energy of the dimerization for merocyanine
dyes.67
First, the electrostatic potential at the molecular surface needs
to be considered. This is the three-dimensional charge
distribution of the molecule and can be used to understand its
interaction with other molecules. A visual representation of the
electrostatic potential is given in Scheme 3. The dye molecules
can be divided in two parts: the R-Acid part with a naphthalene
core and two sulfonate charges, chemically identical for all of
them, and the “left part” with a benzene ring and a substituent
(except Ar27 that possesses a naphthalene ring). The diﬀerences
in electrostatic potential between the dye molecules originate
from this “left part”: depending on the substituent the aromatic
system (Rleft‑part−NN−RR‑Acid) changes the electrostatic
potential. In a ﬁrst approximation the electrostatic potential
can be related to the dye−dye interaction strength: the
ΔHdye−dye decreases as the electrostatic potential in the “left
part” becomes more negative. In particular, this molecular
property can be the reason why the ABnOHRAc twist angle is
remarkably lower than the one of the other divalent dyes. The
diﬀerences in the electrostatic potential are due to the diﬀerent
substituents. If a charged substituent is present, i.e., for the
trivalent dyes, the entire aromatic system shows a more negative
electrostatic potential being equivalent to an electron-richer
system. With a noncharged substituent, both the left and the Racid part are less negative, i.e., a bit electron poorer. Further, the
electrostatic potential of the noncharged substituent is less
negative than the rest of the molecule. Fundamentally, the

This means that the structural transition between isotropic and
anisotropic nanoparticles is continuous and no steps occur.
If then the interaction with G8 is taken into account, no
structural transition is observed and only anisotropic structures
are formed. This may be understood considering that G8
dendrimer is larger, more dense, and less ﬂexible than G4;
therefore, the possibility for the dye to direct the stacking and
exhibit varying twist angles is more limited as compared to the
interaction with G4 dendrimer.
3. Molecular Building Block Parameters. The strong
relationship of dye−dye interaction strength, dye twist angle,
and nanoscale structure represents new insight into the concept
of electrostatic self-assembly. It is highly desirable, yet
challenging, to understand it more deeply. Evidently,
thermodynamics encodes the nanoscale supramolecular structure, while the molecular structure of the building blocks
encodes thermodynamics. The challenging question remaining
at this point is which molecular parameter, property, or
combination thereof is the basis.
From a theoretical point of view, the π−π interaction of
aromatic systems has been mainly investigated considering
polarized π-systems and electrostatic arguments, for example,
the interaction of two quadrupole moments.58 Only in the last
years, the role of the substituents in π−π-interaction has been in
focus, for example, in the case of ﬂuorine-substituted benzene
derivatives.59−63 Studying the strengths of the stacking
interaction in the case of meta- and para-substituted N-benzyl2-(2-ﬂuorophenyl)pyridinium bromides, the electrostatic interaction of the polarized atoms associated with more polarized
substituents was shown to dominate the geometries and
energetics of stacked systems.64
To elucidate the role of the dye molecular structure on the
dye−dye interaction and consequently on the self-assembly, we
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potential is deﬁned by the atoms and their electronegativity,
thus also describing the bond character. For example, the methyl
and tert-butyl groups in Ar26 and tBARAC, respectively,
incorporate a high amount of hydrogen and therefore show a
less negative potential (absence of electron density). In the
carboxymethyl group of APhAcOHRAc the oxygen with its high
electronegativity withdraws electron density and thus shows a
more negative potential. At the same time this induces a less
negative potential at the carboxylic acid hydrogen, revealing its
protic character.
Further, it is of interest to establish connections between the
dipole moment, the polarizability, and the PSA with the
assembly behavior, all molecular properties based on the
electrostatic potential. The parameters for the dyes used herein
are reported in Table 6. The trivalent dyes’ dipole moment is
Table 6. Electrostatic Parameters for the Diﬀerent Dyes
dye (charge)

μ (D)

α
(Å3)

PSA
(Å2)

ΔHdye−dye
(kJ mol−1)

β
(deg)

Ar26 (2−)
tBARAc (2−)
ABnOHRAc (2−)
APhAcOHRAc
(2−)
APhAcOHRAc
(3−)
Ar27 (3−)
SuARAc (3−)

24.6
30.9
23.3
29.2

71.0
73.9
70.1
71.8

144.1
145.6
165.3
180.4

−29.0
−25.4
−24.3
−20.2

55
43
38
38

3.8

71.6

175.1

−20.2

38

10.2
2.5

75.4
71.0

201.2
204.9

−20.0
−8.2

37
38

lower than that of the divalent ones: the dipole moment of the
divalent APhAcOHRAc is μ = 29.2 D, while the trivalent
conﬁguration has a μ = 3.8 D. On the other hand, polarizability
is very similar for all molecules: the highest polarizabilities are
observed for one divalent (tBARAc) and one trivalent dye
(Ar27) with α = 73.9 and 75.4 Å3, respectively. Instead, the PSA
is diﬀerent for each dye, and trivalent dyes have higher values
compared to the divalent ones.
It is then of interest to observe how the dipole moment and
the PSA, i.e., the polar surface area of the molecule, vary as a
function of the dye−dye interaction strength (i.e., ΔHdye−dye)
and if they can be connected to the nanoparticle shape and the
dye twist angle. It is evident that the dyes that interact strongly
(divalent ones) have the highest dipole moment. The PSA, as
described in Figure 11a, increases as the ΔHdye−dye increases, and
the dyes with the weaker interaction have larger PSAs. Since the
PSA results from the area of the polar groups in the molecule
and, in particular, takes the subsituents into account more
explicitly than the polarizability that refers to the molecule as a
whole, the PSA can be well related to the dye self-interaction.
Hence, the PSA encodes the mutual dye interaction and, in
particular, the dye−dye electrostatic repulsion. The lower the
PSA the better the dye molecules can interact with each other.
This explains the relationship of PSA and ΔHdye−dye: ΔHdye−dye
is higher (i.e., strong dye−dye interaction) for particles with low
PSA. In detail, Ar26 is the dye with the lowest PSA and the
highest ΔHdye−dye. The trivalent dyes instead show higher PSA
values, resulting in a less strong interaction. This eﬀect is
opposite to electron-withdrawing and -donating substituents
inﬂuencing the π−π overlap interaction as such63,68,69 and
electron-rich substituents enhancing π−π interaction likely
through subsituent−π interaction63,69,70 and in diﬀerence to
steric subsituent eﬀects inﬂuencing π−π intercation strength, for
example, by modifying the planarity of the π-system.68 For sets

Figure 11. (a) Polar surface area as a function of ΔHdye−dye. (b)
Nanoparticle aspect ratio as a function of PSA.

of building blocks with (almost) unchanged π-systems and
strongly polar (e.g., negatively charged) subsituents, evidently,
the substituent−substituent repulsion regulates the dye−dye
intercation. Thus, PSA and, more in general, the electrostatic
repulsion in between the dye molecules can be used to describe
the dye−dye interaction and thereby the self-assembly scenario
here: anisotropic nanoparticles are formed when the dye−dye
electrostatic repulsion is lower and the interaction is strong,
while weaker interaction yields isotropic nanoassemblies.
Lastly, the aspect ratio of the nanoparticles has been studied
comparing it to the PSA. Results are reported in Figure 11b. It is
evident that PSA controls the nanoparticle aspect ratio.71 In
particular, it decreases as the PSA increases. Again, if PSA is
related to dye−dye interaction strength, it can be concluded that
more anisotropic nanoparticles are formed when the dyes selfinteract strongly, while weaker dye−dye interaction results in
spherical assemblies. This relation of dye−dye interaction
strength with supramolecular nanoparticle shape may be applied
for other promising self-assembled systems such as in the case of
aggregation-induced emission where subsituents control nanostructure and color.68
Strikingly, in the complex interplay of forces regulating
electrostatic self-assembly, the PSA has a key role deﬁning the
shape of the nanoparticles. It summarizes the electrostatic
repulsion of the interacting molecules and can be directly
connected to the strength of the dye−dye interaction.
Uncovering the role of the PSA as a molecular parameter
controlling self-assembly is extremely promising and may be
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hydroxynaphthalene-2,7-disulfonate (ABnOHRAc), trisodium 4-((4(carboxymethyl)phenyl)diazenyl)-3-hydroxynaphthalene-2,7-disulfonate (APhAcOHRAc), and disodium 5-((4-sulfophenyl)diazenyl)-8aminonaphthalene-2-sulfonate (SuACAc) were newly synthesized by
azo coupling according to the previously described procedure.50 The
precursors for synthesis were 4-aminophenylacetic acid (APhAcOH,
Merck KGaA, Darmstadt, Germany), 3-aminobenzyl alcohol (ABnOH,
Merck KGaA, Darmstadt, Germany), sulfanilic acid (SuA, SigmaAldrich, Schnelldorf, Germany), disodium 3-hydroxynaphthalene-2,7disulfonate (R-Acid, RAc, Sigma-Aldrich, Schnelldorf, Germany), and
8-aminonaphthalene-2-sulfonic acid (1,7-Cleve’s Acid, CAc, abcr,
Karlsruhe, Germany). All azo dyes were puriﬁed as described
previously46 according to the literature.72
Characterization of Azo Dyes. Yields were calculated on the basis
of carbon content from elemental analysis. NMR spectra showed that
the product is salt free except for <1 wt % sodium acetate and a small
amount of ethanol <1 wt % which could not be removed despite
extended drying under high vacuum. The purities given below are
corrected for residual amounts of sodium acetate and ethanol, which
were determined by NMR. Azo dyes are known to possess multiple
molecules of crystal water.73 Thus, the pure dye contents are below
99%, which does not indicate impurities.
Ar26. 1H NMR (D2O, 300 MHz, 25 °C), δ [ppm]: 7.62 (s, 1H);
7.52−7.40 (m, 2H); 7.38 (s, 1H); 6.53 (d, J = 8.0 Hz, 1H); 5.95 (d, J =
8.1 Hz, 1H); 5.35 (s, 1H); 1.44 (d, J = 7.5 Hz, 6H). Anal. Calcd for
C18H14N2Na2O7S2: C, 45.00. Found: C, 43.16. Dye content: 96%.
Ar27. 1H NMR (D2O, 300 MHz, 25 °C), δ [ppm]: 8.05 (d, J = 7.8
Hz, 1H); 8.01−7.93 (m, 2H); 7.87 (d, J = 8.4 Hz, 1H); 7.75 (d, J = 8.4
Hz, 1H); 7.68−7.50 (m, 2H); 7.16 (d, J = 7.5 Hz, 1H); 7.11−6.91 (m,
2H). Anal. Calcd for C20H11N2Na3O10S3: C, 39.74. Found: C, 37.54.
Dye content: 94%.
Ar18. 1H NMR (D2O, 300 MHz, 25 °C), δ [ppm]: 8.96 (d, J = 8.3
Hz, 1H); 8.76 (s, 1H); 8.55 (d, J = 8.7 Hz, 1H); 8.30 (d, J = 8.3 Hz,
1H); 7.91 (s, 1H); 7.70 (d, J = 8.5 Hz, 1H); 7.50 (t, J = 7.8 Hz, 1H);
7.40−7.24 (m, 2H); 6.33 (d, J = 9.5 Hz, 1H). Anal. Calcd for
C20H11N2Na3O10S3: C, 39.74. Found: C, 36.59. Dye content: 92%.
ABnOHRAc. 1H NMR (D2O, 400 MHz, 20 °C), δ [ppm]: 7.95 (d, J
= 8.8 Hz, 1H); 7.71 (dd, J = 8.6, 1.8 Hz, 1H); 7.64 (s, 1H); 7.40 (d, J =
1.2 Hz, 1H); 7.00 (t, J = 8.0 Hz, 1H); 6.92 (d, J = 7.6 Hz, 1H); 6.87−
6.85 (m, 2H); 4.35 (s, 2H). Anal. Calcd for C17H12N2Na2O8S2: C,
42.33. Found: C, 40.02. Dye content: 94%.
APhAcOHRAc. 1H NMR (D2O, 400 MHz, 20 °C), δ [ppm]: 8.09 (d,
J = 8.8 Hz, 1H); 7.89 (s, 1H); 7.76 (dd, J = 8.6, 1.8 Hz, 1H); 7.64 (d, J =
1.2 Hz, 1H); 7.10 (d, J = 8.4 Hz, 2H); 6.93 (d, J = 8.4 Hz, 2H); 3.32 (s,
2H). Anal. Calcd for C18H11N2Na3O9S2: C, 40.61. Found: C, 37.16.
Dye content: 91%.
SuACAc. 1H NMR (D2O, 300 MHz, 25 °C), δ [ppm]: 8.11 (d, J =
8.9 Hz, 1H); 7.92 (s, 1H); 7.67−7.54 (m, 3H); 7.13 (d, J = 8.2 Hz,
2H); 7.04 (d, J = 8.6 Hz, 1H); 6.24 (d, J = 8.6 Hz, 1H). Anal. Calcd for
C16H11N3Na2O6S2: C, 42.58. Found: C, 42.51. Dye content: 99%.
Sample Preparation. Stock solutions were prepared in Milli-Q
water (>18.2 MΩ/cm) at pH = 10.5, where the PAMAM dendrimer is
fully deprotonated. pH values were adjusted by adding NaOH or HCl
standard solutions. All pH values were counter-checked by a freshly
calibrated pH electrode. An aqueous solution of the dye at pH = 10.5
was diluted with Milli-Q water adjusted to pH = 10.5. Dendrimer stock
solution at the same pH was added. After mixing, HCl was added at
once under turbulent mixing to adjust the sample pH to 3.5, inducing
assembly formation.
Atomic Force Microscopy. For AFM sample preparation,
solutions with the same concentration as for light scattering were
spin coated on freshly cleaved mica at 3000 rpm for 40 s (including 10 s
acceleration time). AFM images were recorded in noncontact mode on
a NanoSurf Easy Scan instrument (Boston, MA). For data processing
the open access software Gwyddion was used.
Light Scattering. Measurements were carried out using an ALV
5000 correlator with 320 channels, a CGS 3 goniometer (ALV Langen,
Germany), and a HeNe laser with a wavelength of λ = 632.8 nm with 22
mW output power. A range of scattering angles of 30° < θ < 150° was
covered. The instrument performs simultaneously static and dynamic

used to predict the electrostatic self-assembly of a variety of
kinds.

■

CONCLUSIONS
In conclusion, we elucidated the nanoscale shape control in
electrostatic self-assembly based on the role of molecular
building blocks. The aspect ratio of the nanoparticles is related
to the polyelectrolyte dendrimer generation and to the dye
counterion structure. For instance, higher dendrimer generations produce more anisotropic nanoparticles. The dye valency
is the key to the basic shape of the assemblies: divalent dyes
form anisotropic nanoparticles, while trivalent dyes form
spherical ones. Complementary, the loading ratio controls the
number of dendrimers per aggregate and the dimensions of the
nanoparticles. When the nanoassemblies have an anisotropic
shape, it also regulates structural properties as the dimensions
and the aspect ratio. On a molecular association level, a relation
between the valency of the dye, the stacking angle, and the
assembly shape has been established for the interaction with G4
dendrimer. For the trivalent dyes with diﬀerent number of
aromatic rings and diﬀerent substituents the twist angle is
constant. Divalent dyes, instead, stack with larger and varying
angles.
Thermodynamic measurements have shown that the
interaction of the building blocks is the crucial key to the
deﬁnition of the nanoparticle shape. Considering the mutual
interaction of the dyes, a threshold value of ΔHdye−dye separating
isotropic and anisotropic nanoaggregates has been found. This
indicates that a certain value of enthalpy exchange is needed to
obtain elongated nanoparticles. In more detail, a strong π−π
interaction leads to anisotropic structures. For the dye−
polyelectrolyte interaction, a threshold value was detected as
well.
We further examined which molecular parameters encode
thermodynamics and thereby particle shape. Modeling molecular properties of the dye molecules has shown that electrostatic
properties control the thermodynamics of the dye−dye
interaction. In particular, the electrostatic potential at the
molecular surface and the polar surface area determine the
strength of the dye−dye interaction, which again controls the
nanostructure of the polyelectrolyte−dye particles.
From these results, it will be possible to predict nanoparticle
shapes knowing only the thermodynamic parameters for the
interaction of the chosen molecular building blocks. Thus, a
precise molecular design of the dye molecule (i.e., choosing
appropriate substituents) will allow tailoring the structure of the
nanoparticles. Hence, fundamental steps in developing a box of
molecular “building bricks” allowing for a targeted structural
design have been made. This may, for example, be of potential in
the development of novel self-assembled photocatalysts or smart
therapeutic carrier systems.

■

EXPERIMENTAL SECTION

Chemicals and Synthesis. Poly(amidoamine) (PAMAM) dendrimer of diﬀerent generations were obtained from Dendritech,
Midland, MI, USA, and Sigma-Aldrich, Schnelldorf, Germany. The
azo dyes Acid Red 26 (Ar26, C.I. 16150), Acid Red 27 (Ar27, C.I.
16185), and Acid Red 18 (Ar18, C.I. 16255) were obtained from Acros,
Geel, Belgium. The azo dyes disodium 4-((4-tert-butylphenyl)diazenyl)-3-hydroxynaphthalene-2,7-disulfonate (tBARAc), disodium
4-(phenyldiazenyl)-3-hydroxynaphthalene-2,7-disulfonate (ARAc), and
trisodium 4-((4-sulfophenyl)diazenyl)-3-hydroxynaphthalene-2,7-disulfonate (SuARAc) were already synthesized and characterized in a
previous study.50 Disodium 4-((3-(hydroxymethyl)phenyl)diazenyl)-31291
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U.K. For the dye dilution experiments, one initial injection of 10 μL to
saturate the titration cell wall was followed by 20 injections of 5 μL
each. Dilution heats of PAMAM dendrimer were negligible in
comparison to dye−dendrimer interaction energies. The time span
between subsequent injections was 300 s. All experiments were
conducted at 25 °C. For dye−dendrimer experiments 15−50 injections
of 5−15 μL each were used. The time span between subsequent
injections was 300 s. All experiments were conducted at 25 °C. Formic
acid/formiate at pH = 4 was used as buﬀer system with c(buﬀer) = 15
mmol. Data analysis for dye−dendrimer experiments was performed
using a one-site model as implemented in the MicroCal ITC data
analysis software for Origin 7.0. The ﬁt of the integrated heat per
injection is performed according to a stepwise disaggregation model as
described in ref 50. Errors on the free energy change ΔG are of the
order of 2%, on the enthalpy change ΔH are of the order of 5%, while
on entropy change ΔS are 15%.
Molecular Modeling. Calculations were carried out using the
Spartan’14 software (Wave function Inc., Irvine, CA, USA, 2014).
Molecular properties and electrostatic potential surfaces were
generated with the density functional B3LYP level of theory using 631G* basis set in vacuum. All molecules were optimized for the
equilibrium geometry with the maxima and minima in the electrostatic
potential surface (0.002 electrons au−3 isosurface) determined using a
positive point charge in the vacuum as a probe. Here we might add that
PSA has been calculated taking into account all the polar atoms in the
molecule. This to highlight that we included also S into calculation that
was not considered by the default program.

light scattering measurements. In this study, to extend the SANS
spectrum at lower q, the static results have been used. This approach
extends the curves in the q range between 6.8 × 10−4 and 2.5 × 10−3
nm−1. The data have been normalized to obtain the absolute intensity
and then have been merged with the experimental data obtained by
SANS. The standard concentration of PAMAM dendrimers was c = 0.5
g L−1.
Small Angle Neutron Scattering. Samples for SANS were
prepared in D2O with a dendrimer concentration of 0.5 and 0.2 g L−1
for the samples not stable at the ﬁrst concentration and transferred into
quartz cells with 2 mm path length. Previous results on G4
nanoassemblies have shown no inﬂuence of the concentration on
nanoparticle shape and a limited one on the dimensions. SANS studies
were performed on D11 at the Institut Laue−Langevin, Grenoble,
France, and on KWS2 at the Jülich Center for Neutron Scattering at the
Heinz Maier-Leibnitz Zentrum (MLZ), Munich, Germany. On D11 two
diﬀerent λ were used: 6 and 13 Å. The ﬁrst was used for 3 diﬀerent
sample−detector distances: 1.2, 8, and 39 m. The second was used only
in the case of big nanoparticles at 39 m. The wavelength spread (Δλ/λ)
was 0.09. A total scattering vector range of 0.007 nm−1< q < 5 nm−1 was
investigated. At KWS2, a wavelength of 4.55 Å was used with 3
sample−detector distances: 2, 8, and 20 m. For some samples a
diﬀerent combination was used: 2, 4, and 20 m: the 8 m distance was
replaced with 4 m to obtain a very similar scattering vector with a higher
neutron ﬂux. In this case a total scattering vector of 0.035 nm−1< q < 5
nm−1 was covered. Data were corrected for empty cell scattering,
electronic background, and detector uniformity and then converted to
absolute scale using secondary standards. Then the scattering of the
solvent and the incoherent background was subtracted from the data.
The scattering curve I(q) was, where possible, analyzed by Guinier
analysis followed by inverse Fourier transformation to obtain the pair
distribution function P(r) through the relationship
I(q) = 4π

∫

sin(qr )
P(r )
dr
qr

■

Corresponding Author

*franziska.groehn@fau.de
Notes

(5)

The authors declare no competing ﬁnancial interest.

■

On the basis of the ﬁrst results, structural modeling by standard ﬁtting
packages such as SASview was used to obtain the particle shape and
dimensions.
For some samples the instrument resolution was taken into account
in the ﬁtting process to check its inﬂuence on the obtained results.
UV−vis Spectroscopy. Absorption spectra were recorded on a
JASCO V-630 spectrometer using plastic cuvettes with 1 cm path
length at dye concentrations of c ≈ 2 × 10−5 mol L−1. Once obtained,
the experimental extinction coeﬃcient has been ﬁtted according to the
relation

⎡
(ν − νJ)2 ⎤
⎥+
εD = εJ exp⎢− 4 ln 2
2
⎢⎣
⎥⎦
Δυ1/2,J

1

⎡
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where εD is the extinction coeﬃcient of the dimer. This separation can
be done because the spectral separation between the H and the J band
is greater than the vibronic progression. The ﬁrst term of the equation
refers to the J band with εJ as extinction coeﬃcient, νJ as wavenumber,
and Δν1/2,J as half-width of the Gaussian. The second term represents
the H band extended to two vibronic transitions. From the ﬁts, two
diﬀerent geometric parameters can be obtained according to the
equation

β = 2 arctan
R=

3
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(34) Gröhn, F.; Klein, K.; Brand, S. Chem. - Eur. J. 2008, 14, 6866−
6869.
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ABSTRACT: pH can be used to tune the self-assembly of cationic polyelectrolyte dendrimers and
oppositely charged dyes and to produce particles with a desired shape and size in aqueous solution.
We present fundamental insight into the eﬀect of pH on electrostatic self-assembly of
poly(amidoamine) dendrimers of generation 4 and di- and trivalent anionic organic dyes. The
solution pH is used as a key to turn on the interaction and to control the association by regulating
the macroion charge. Stable and well-deﬁned nanoparticles are formed in solution, being more
stable at low pH where the dendrimer protonation is complete. Nanoparticle stability was correlated with ζ-potential
measurements. We prove that the assemblies are electrostatically stabilized and elucidate the importance of the surface charge
density. pH was also used as a key to nanoparticle dimension and shape. For example, smaller particles form at a lower pH. The
nanostructures have been characterized using dynamic light scattering and small-angle neutron scattering. A “phase diagram” has
been developed for each dye, showing the assembly size, shape, and instability regions dependent on the pH. Overall, a pHresponsive nanoparticle shape is a key step toward the design of novel smart therapeutic carrier systems.
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secondary mutual π−π interaction contribution of the dye
molecules. A simple model has been developed to connect the
free energy with the aggregation number.38
To gain further insight into the interplay of the diﬀerent
interaction eﬀects in the self-assemblyelectrostatics, π−π
stacking and geometric factorswe herein investigate nanoparticle stability and structure as a function of solution pH. We
explore electrostatically self-assembled nanoparticles formed by
poly(amidoamine) (PAMAM) dendrimers and various oppositely charged azo dyes (Scheme 1). As a polyelectrolyte, a
fourth-generation dendrimer is chosen because it has been
extensively studied, and the protonation state at diﬀerent pH
levels is well-known. Due to the molecular dendrimer structure,
changing the pH of the solution permits modiﬁcation of the
number of protonated amine groups aﬀecting the number of
available binding sites, that is, the electrostatic interaction
strength, and their position.
At pH 10.5, all amine groups are deprotonated and the
molecule is neutral, at pH 7.0, all primary amines (on the
surface of the molecule) are protonated, while at pH 3.5, both
primary and tertiary amines (in the inner region) are
protonated and the molecule is fully charged. This behavior
permits investigation of the role of electrostatic interaction in
self-assembly by controlling a parameter as simple as the pH of
the solution. The self-assembly process is schematically
depicted in Scheme 2. The eﬀect of pH on the stability and
structure will be analyzed for diﬀerent dyes and diﬀerent dye/
dendrimer ratios. This allows for changing the valency of the
dye and the molecular structure, two parameters important for

INTRODUCTION
Self-assembly is an eﬃcient strategy to produce complex
supramolecular structures that can respond to external triggers
and are of interest in nanotechnology or as carrier systems.1−15
Great potential lies in systems with tunable shape and
dimension as this may allow a rational nanostructure design.
In addition, particles with triggerable size and shape are of
special interest for drug delivery. For example, the circulation
lifetime of intravenously administered nanoparticles has been
demonstrated to depend on their dimension and shape.16−18
Among others, pH variation is commonly used as a trigger for
size and shape.19−28 In this context, we have recently
introduced the concept of electrostatic self-assembly for the
formation of responsive supramolecular nanoscale assemblies.29−33 The process is based on the interconnection of
dendrimeric macroions and oppositely charged multivalent azo
dyes under secondary interaction eﬀects such as π−π stacking
or geometric factors and leads to the formation of nanoparticles
with sizes up to more than 100 nm.34,35 The process relies on a
general combination of interactions rather than on speciﬁc
binding motifs. Choosing appropriate building blocks, switchable nanoparticles that respond to light and pH have been
built.33,36,37 An assembly with on−oﬀ switchability through pH
is realized via protonation and deprotonation of the
polyelectrolyte, that is, charging and uncharging the dendrimer
macroions. Recently, we have investigated the role of the
interactions of the molecular building blocks in these systems.38
Thermodynamics revealed a quantitative relationship of the size
of the self-assembled nanoparticles with the free energy of the
dye−dendrimer association. In more detail, the free energy of
the assembly formation was shown to be composed of an
electrostatic dendrimer−dye interaction contribution and a
© 2015 American Chemical Society
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Scheme 1. Azo Dyes and PAMAM Molecule Used in the Present Study

Scheme 2. Switching the Electrostatic Self-Assembly by pHa

a

At pH 10.5, the dendrimers are uncharged, and no interaction between the building blocks occurs; at pH < 10, the dendrimers start to be
protonated, and the building blocks form well-deﬁned nanoparticles.

controlling the self-assembly. The stability will be related to ζpotential measurements; dynamic light scattering (DLS) and
small-angle neutron scattering (SANS) will be used to
characterize the dimension and shape of the nanoparticles.
The presence of instability regions in pH will be highlighted,
resulting in the deﬁnition of a “phase diagram” for every dye. By
combining stability and structural results, a ﬁrst important
understanding of the role of electrostatic interaction in the selfassembly is achieved. At the same time, knowing both the shape
and dimension as a function of pH may in the future allow for
the tailoring of particles with a desired shape and size,
representing a key step toward applications like drug delivery.

■

previously described procedure.33 The precursors for synthesis
were 4-aminophenylacetic acid (APhAcOH, Merck KGaA,
Germany), 3-aminobenzyl alcohol (ABnOH, Merck KGaA,
Germany), sulfanilic acid (SuA, Sigma-Aldrich, Germany),
disodium 3-hydroxynaphthalene-2,7-disulfonate (R-acid, RAc,
Sigma-Aldrich, Germany), and 8-aminonaphthalene-2-sulfonic
acid (1,7-Cleve’s acid, CAc, abcr, Germany). All azo dyes were
puriﬁed according to the literature.39
Characterization of the Azo Dyes. Yields were calculated
on the basis of carbon content from elemental analysis. NMR
spectra showed that the product is salt-free except for <1 wt %
sodium acetate and a small amount of ethanol, <1 wt %, which
could not be removed despite extended drying under high
vacuum. The purities given below are corrected for residual
amounts of sodium acetate and ethanol, which were
determined by NMR. Azo dyes are known to possess multiple
molecules of crystal water. Thus, the pure dye contents are
below 99%, which does not indicate impurities.
Ar26. 1H NMR (D2O, 300 MHz, 25 °C), δ [ppm]: 7.62 (s,
1H); 7.52−7.40 (m, 2H); 7.38 (s, 1H); 6.53 (d, J = 8.0 Hz,
1H); 5.95 (d, J = 8.1 Hz, 1H); 5.35 (s, 1H); 1.44 (d, J = 7.5 Hz,
6H). Anal. Calcd for C18H14N2Na2O7S2: C, 45.00; Found: C,
43.16; dye content: 96%.

EXPERIMENTAL SECTION

Chemicals. The PAMAM dendrimer of fourth generation
was obtained from Dendritech, Midland, MI, U.S.A. and SigmaAldrich, Germany. The azo dyes Acid Red 26 (Ar26, C.I.
16150) and Acid Red 27 (Ar27, C.I. 16185) were obtained
from Acros, Belgium. Disodium 4-((3-(hydroxymethyl)phenyl)diazenyl)-3-hydroxynaphthalene-2,7-disulfonate (ABnOHRAc) and trisodium 4-((4-(carboxymethyl)phenyl)diazenyl)-3-hydroxynaphthalene-2,7-disulfonate (APhAcOHRAc) were synthesized by azo-coupling according to the
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Ar27. (D2O, 300 MHz, 25 °C), δ [ppm]: 8.05 (d, J = 7.8 Hz,
1H); 8.01−7.93 (m, 2H); 7.87 (d, J = 8.4 Hz, 1H); 7.75 (d, J =
8.4 Hz, 1H); 7.68−7.50 (m, 2H); 7.16 (d, J = 7.5 Hz, 1H);
7.11−6.91 (m, 2H). Anal. Calcd for C20H11N2Na3O10S3: C,
39.74; Found: C, 37.54; dye content: 94%.
ABnOHRAc. 1H NMR (D2O, 400 MHz, 20 °C), δ [ppm]:
7.95 (d, J = 8.8 Hz, 1H); 7.71 (dd, J = 8.6, 1.8 Hz, 1H); 7.64 (s,
1H); 7.40 (d, J = 1.2 Hz, 1H); 7.00 (t, J = 8.0 Hz, 1H); 6.92 (d,
J = 7.6 Hz, 1H); 6.87−6.85 (m, 2H); 4.35 (s, 2H). Anal. Calcd
for C17H12N2Na2O8S2: C, 42.33; Found: C, 40.02; dye content:
94%.
APhAcOHRAc. 1H NMR (D2O, 400 MHz, 20 °C), δ [ppm]:
8.09 (d, J = 8.8 Hz, 1H); 7.89 (s, 1H); 7.76 (dd, J = 8.6, 1.8 Hz,
1H); 7.64 (d, J = 1.2 Hz, 1H); 7.10 (d, J = 8.4 Hz, 2H); 6.93 (d,
J = 8.4 Hz, 2H); 3.32 (s, 2H). Anal. Calcd for
C18H11N2Na3O9S2: C, 40.61; Found: C, 37.16; dye content:
91%.
Sample Preparation. Stock solutions were prepared in
D2O at the desired pH where the PAMAM dendrimer is fully
deprotonated (pH = 10.5). pH values were adjusted by adding
NaOH or HCl standard solutions. All pH values were
counterchecked by a freshly calibrated pH electrode. An
aqueous solution of the dye at pH = 10.5 was diluted with D2O
adjusted to pH = 10.5. A dendrimer stock solution at the same
pH was added. After mixing, the appropriate amount of HCl
was added at once under turbulent mixing to adjust the pH,
inducing assembly formation.
ζ-Potential. ζ-Potential measurements were carried out on
a Zetasizer Nano ZS analyzer with an integrated 4 mW HeNe
laser, k 1/4 633 nm (Malvern Instruments Ltd., U.K.). Samples
with concentrations between 9.5 × 10−7 and 1.6 × 10−7 mol/kg
were prepared. The electrophoretic mobility was measured
using the laser Doppler anemometry technique after applying
an electric ﬁeld across the sample solution. The ζ-potential was
calculated from the electrophoretic mobility using the
Smoluchowski equation.40 All measurements were carried out
at room temperature using folded capillary cells (DTS 1060) in
ﬁve replicate measurements.
Light Scattering. Measurements were carried out on an
ALV CGS 3 goniometer with an ALV 5000 correlator (ALV
Germany) equipped with a HeNe laser with a wavelength of λ
= 632.8 nm and 20 mW output power. Measurements covered
an angular range of 30 ≤ θ ≤ 150°. Data analysis was carried
out by converting the measured intensity autocorrelation
function into the electric ﬁeld autocorrelation function using
the Siegert relation. The electric ﬁeld autocorrelation functions
were further analyzed by regularized inverse LaPlace transformation using the program CONTIN by S. Provencher to
obtain the distribution of relaxation times. From this, the
apparent diﬀusion coeﬃcient was calculated using the relation
Dapp = q−2 · τ−1. To determine the hydrodynamic radius RH, the
apparent diﬀusion coeﬃcient Dapp was extrapolated to zero
scattering angle and then converted into RH through the
Stokes−Einstein relationship. Static light scattering (SLS)
measurements were performed with the same instrument to
combine the results with the SANS curves to extend the qrange for the larger nanoparticles. Measured intensities were
corrected for scattering volume with a toluene standard, and the
solvent intensity was subtracted from the sample intensity prior
to further analysis.
Small-Angle Neutron Scattering. Samples for SANS
were prepared in D2O with a dendrimer concentration of 3.5 ×
10−5 mol/kg and transferred into quartz cells with a 2 mm path

length. SANS studies were performed on D11 at the Institut
Laue-Langevin, Grenoble, France and on NGB-30m at the
NIST center for neutron scattering, MD, U.S.A. On D11, a
wavelength of 6 Å was used for three diﬀerent sample−detector
distances, 1.2, 8, and 39 m. The wavelength spread (Δλ/λ) was
0.09. A total scattering vector range of 0.02 < q < 5 nm−1 was
investigated. For large nanoparticles, a second wavelength (13
Å) was used at 39 m. This permits investigation of a total
scattering vector of 0.007 < q < 5 nm−1. At the NIST center for
neutron scattering, a wavelength of 6 Å was used with three
sample−detector distances, 1, 4, and 13 m, covering a total
scattering vector range of 0.04 < q < 5 nm−1. For a selected
number of samples, a wavelength of 8.4 Å at 13 m using a lens
conﬁguration was used to measure lower q; in this case, a total
scattering vector of 0.02 < q < 5 nm−1 was covered. Data were
corrected for empty cell scattering and electronic background
and detector uniformity and then converted to absolute scale
using secondary standards. Then, the scattering of the solvent
and the incoherent background were subtracted from the data.
The scattering curve I(q) was ﬁrst analyzed by Guinier analysis,
where possible, and by inverse Fourier transformation to obtain
the pair distribution function P(r) through the relationship I(q)
= 4π∫ P(r)[sin(qr)/qr] dr. On the basis of the ﬁrst results,
structural modeling by standard ﬁtting packages such as
SASview was used to obtain the particles’ shape and
dimensions. The SANS intensity can be described as I(q) =
ϕVNP(ΔρSLD)2P(q), where ϕ is the volume fraction, VNP the
nanoparticle volume, ΔρSLD the diﬀerence in scattering length
density between the nanoparticle and the solvent and P(q) the
nanoparticle form factor describing the nanoparticle shape. The
form factor is the square of the normalized total scattering
amplitude F(q) caused by intramolecular interfernces P(q) =
F(q)2. For example, for a sphere with radius r, the scattering
amplitude F(q) is41,42
F(q) = 3

sin qr − qr cos qr
(qr )3

(1)

In the case of a core−shell sphere, the intensity becomes

41,42

sin qrc − qrc cos qrc
ϕ ⎡
⎢3Vc(ρc − ρs )
VNP ⎣
(qrc)3

I(q) =

+ 3Vs(ρs − ρsolv )

sin qrs − qrs cosqrs ⎤
⎥
(qrs)3
⎦

2

(2)

where Vs is the volume of the outer shell, Vc the volume of the
core, rs the radius of the shell, rc the radius of the core, ρs the
scattering length density of the shell, ρc the scattering length
density of the core, and ρsolv the scattering length density of the
solvent. For a cylinder with length L and radius r, F(q) is43
F(q) =

∫
0

1

4J1(qr 1 − x 2 )sin
q2r 1 − x 2 Lx

qLx
2

dx
(3)

where J1 is the ﬁrst-order Bessel function. In the case of
cylinders with an elliptical cross section, the scattering intensity
can be described as47
I(q) =

ϕ
VNP

∫ dψ ∫ dϕ ∫ p(θ , ϕ , ψ )F 2(q, α , ψ )sin θ dθ

(4)

with the functions F(q,α,ψ) = 2[J1(a)/a][sin b/b], a =
q sin α(r2major sin2ψ + r2minor cos2 ψ)1/2, and b = q(L/2)cos α.
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For ﬂexible cylinders with an elliptical cross section, the model
used is a corrected version of the one described by Pedersen et
al.44,45 For all of the systems, the polydispersity has been used
as a ﬁxed parameter in the ﬁt. Good agreement with the
experimental results has been obtained using 0.3 for all of the
models. For some samples, the instrument resolution has been
taken in account in the ﬁtting process to check its inﬂuence on
the obtained results.

■

RESULTS AND DISCUSSION
We present the investigation of self-assembled nanoparticles
composed of PAMAM dendrimers of generation 4 and
oppositely charged di- or trivalent azo dyes. The complete set
of dyes used for this study is presented in Scheme 1. Due to the
molecular structure of the dendrimers, changing the pH of the
solution causes a change of the degree of protonation of the
amine groups. Hence, the samples have been prepared at
diﬀerent pHs, varying from pH 10.0 to pH 3.5 to investigate the
full range of protonation states. Diﬀerent dyes have been
analyzed: three divalent (Ar26, ABnOHRAc, and APhAcOHRAc) and two trivalent (Ar27 and SuARAc) dyes. The loading
ratio is deﬁned as the molar ratio of dye sulfonate groups to
dendrimer primary amines l = c(SO−3 )/c(NH2); together with
the pH-dependent dendrimer protonation, it gives the charge
ratio cr = c(SO−3 )/[c(NH2)·α], where α is the degree of
protonation of the dendrimer. Thus, changing the pH of the
solution does not aﬀect the loading ratio, while it signiﬁcantly
aﬀects the charge ratio.
In the present study, we show the eﬀect of the dendrimer
protonation state on the nanoassembly stability and structure.
The focus is the deﬁnition of a phase diagram for dendrimer
assemblies with every dye reporting the behavior of the system
as a function of pH and charge ratio. The stability will be
discussed in connection with a systematic ζ-potential analysis.
The structural characterization is based on DLS and SANS
measurements to investigate the size and the shape of the
aggregates, respectively. Uncovering the relationship of nanoparticle stabilization and structure is of major importance to
fundamentally understand the electrostatic self-assembly
process. This can lead to nanoassembly structure control
through an external trigger such as pH.
ζ-Potential and Stability Investigation. To elucidate the
type of nanoparticle stabilization, ζ-potential measurements
have been performed. This technique measures the diﬀerence
of electrostatic potential between the solvent and the layer of
ﬂuid attached to the dispersed nanoparticles. For these
experiments, samples with dendrimer concentrations of 9.5 ×
10−7 and 1.6 × 10−7 mol/kg have been prepared. Results for the
diﬀerent dyes are displayed in Figure 1. Despite some
diﬀerences in ζ-potential, there is a common behavior of all
of the dyes; the ζ-potential increases as the pH becomes more
acidic. This means that in all cases, the charge of the
nanoparticles is higher when the dendrimers are completely
protonated. This shows that the nanoparticles are electrostatically stabilized and suggests that at low pH, the nanoparticles
may be more stable due to a higher charge.
An interesting aspect of the results is that the data show a
linear dependence and that there is no discontinuity at around
pH 7.0 when the internal amine groups (tertiary amines) start
to be protonated and become available for binding. This means
that the eﬀective charge and thereby the stability of the
nanoaggregates only depend on the number of charged amine
groups available for binding and not on their type.

Figure 1. ζ-Potential for diﬀerent dye−dendrimer systems. The line is
to guide the eyes.

No discontinuity is observed for APhAcOHRAc, which is of
great interest because this dye possesses a −COOH group with
a pKa of 4.3; thus, it is divalent until pH 4.3, and it starts to exist
in trivalent conﬁguration below this value (20% at pH 3.5).
Therefore, a discontinuity may be expected around this pH.
The absence proves that the stabilization process does not
depend on the dye valency but, again, on the total assembly
charge only.
Furthermore, the SuARAc−dendrimer sample shows the
highest ζ-potential at low pH, while the system with the lowest
ζ-potential value is the Ar27−G4 dendrimer. These two dyes
have the same valency, showing again that valency has no major
eﬀect on the stabilization as such. The diﬀerence in ζ-potential
may be related to diﬀerences in molecular structures; Ar27 is
the only dye of the set with four aromatic rings. This additional
ring likely crucially aﬀects the mutual dye−dye interaction
controlling at the same time the dye−dendrimer interaction
and the stabilization. The ζ-potential for the other dyes lies
between the ones of Ar27 and SuARAc.
For a better understanding, the ζ-potential has been
measured not only changing the charge ratio but also varying
the loading ratio while keeping pH = 3.5 constant for the model
system of Ar26 and the G4 dendrimer. Results are reported in
Table 1. It is evident that the behavior in the two cases is
Table 1. ζ-Potential Results at Diﬀerent Loading and Charge
Ratios for Ar26 and the G4 Dendrimer
Ar26−G4 l

charge ratio cr

pH

1.0
1.2
1.5
1.6
1.8

1.0
1.2
1.5
1.6
1.8

3.5
3.5
3.5
3.5
3.5

ζ-potential (mV)
42
39
39
42
42

±
±
±
±
±

2
2
2
2
2

completely diﬀerent. As already shown in Figure 1, the ζpotential increases with decreasing charge ratio, while it is
constant when the loading ratio is varied. This means that the
stabilization of the nanoparticles depends on the amount of
dendrimer charges available, that is, the protonation degree, for
binding and not on the molecular ratio of the building blocks.
At this point, stability over time must be taken into account
in addition. Despite the linear dependence of the ζ-potential,
aging aﬀects samples at diﬀerent pHs diﬀerently. This has been
followed by observation of turbidity and precipitation of the
sample solutions by eye. The case of the Ar26−G4 sample at
loading ratio l = 1.8 after 4 days is depicted in Figure 2. At a pH
between 3.5 and 4, the solution is clear, and the nanoparticles
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Ar26−G4 sample at pH = 8.5 and l = 1.8 (cr = 6.6). It can be
immediately concluded that well-deﬁned nanoparticles with a
size of RH = 300 nm are formed at high pH.
RH as a function of pH is given in Figure 4a; it is evident that
the dimension of the nanoassemblies changes with pH. In more
detail, RH is constant at 3.5 ≤ pH ≤ 4 where the dendrimer
molecule is completely protonated, while for higher pH, the
radius increases continuously from RH = 50 nm at pH = 4 to RH
= 300 nm at pH = 8. Between pH = 8 and 9, RH is constant
again.
To further understand the stabilization, it is elucidating to
use RH to estimate the eﬀective surface charge density (σeff) at
the shear plane as a possible parameter regulating the
nanoparticle stability. This can be done by combining RH and
the ζ-potential according to47

Figure 2. Ar26-G4 samples prepared at diﬀerent pHs; between 3.5 and
4.0, clear and stable samples were obtained; between 4.3 and 7,
samples were not stable; at pHs higher than 7, stable and turbid
samples were obtained.

σeff =

are stable; at pH 4.9, the solution is turbid, and the particles are
still stable. At 4.5 ≤ pH ≤ 7.0, the solution appears clear
because all of the particles precipitated due to the aging. At pH
> 7.0, the solution is opalescent again, and the nanoparticles are
stable. Instead, the opposite behavior is observed if loading
ratio l = 1.0 is chosen for the preparation; the nanoparticles are
not stable at a pH higher than 7.0, while they are stable
between 3.0 and 7.0. Therefore, certain pH values lead to stable
particles, and others lead to nanoassembly precipitation. The
location of these pH ranges depends on the loading ratio and,
as will be discussed later, on the counterion.
Thus, we can conclude that the nanoparticles are electrostatically stabilized and that the stabilization depends on the
dendrimer charge only. In addition, the nanoassemblies are
more stable at low pH. In all of the systems, the most stable
assemblies can be found at pH 3.5 where both the primary and
the tertiary amine groups are protonated. At the same time,
aging is important. It shows the existence of diﬀerent stability
ranges where nanoparticles are stable for months or precipitate
after a few days.
Structural Characterization. Dynamic Light Scattering.
DLS has been performed on Ar26−G4 dendrimer samples at
loading ratio l = 1.8 to investigate the nanoassembly
dimensions at diﬀerent pHs. This technique permits determination of the hydrodynamic radius RH of the nanoparticles as
the ﬁrst major information on the overall dimensions. The
samples have been prepared at a concentration of 9.3 × 10−6
mol/kg. Figure 3 depicts the electric ﬁeld autocorreletion
function g1(τ) and the relaxation time distribution A(Γ) for a

εζ
εζ
≈
R eff
RH

(1)

Results are given in Figure 4b. It is evident that the eﬀective
surface charge density changes with pH; it decreases as the pH
increases, and at pH > 7.0, it remains almost constant. As
shown in Figure 4a, a smaller RH is observed at low pH. Hence,
a higher surface charge density corresponds to smaller particles.
The same correlation has been observed for light-responsive
nanoparticles,46,48 and it can be understood considering the
energetically less-favorable larger surface area for smaller
nanoparticles needing a higher charge density for stabilization.
This demonstrates once more that the nanoparticles are
electrostatically stabilized and, moreover, that the surface
charge density is the parameter controlling the stability.
We can conclude that stable and well-deﬁned nanoparticles
can be formed at pH higher than pH = 3.5. In addition, the
dimensions of the nanoparticles depend on the solution pH;
larger assemblies are formed at higher pH. Also, the fact that RH
is constant between pH = 4 and 3.5 where the dendrimer
protonation state does not change shows that the hydrodynamic radius is strongly related to the dendrimer charges.
Lastly, the importance of the surface charge density in the
stabilization has been demonstrated. Smaller particles are more
stable and show a higher surface charge density.
Small-Angle Neutron Scattering. To elucidate whether and
how pH aﬀects the nanoparticle shape, we performed SANS
measurements. The samples were prepared at a concentration
of 3.5 × 10−5 mol/kg (i.e., higher than the concentration used
for the ζ-potential study). To study the eﬀect of the molecular
building block ratio, for Ar26 and G4 dendrimer, two diﬀerent
loading ratios (l = 1.8 and 1.0) were investigated. The ﬁrst one
is close to the stoichiometric point (l = 2.0) and corresponds to
a slight excess of 10% dendrimer charges, while the second one
corresponds to a great excess of polyelectrolyte. Diﬀerent dyes
have been used to vary the strength of dye−dendrimer and
dye−dye interaction, stemming from diﬀerences in valency,
geometry, molecular volume, and molecular dimensions. Due
to the diﬀerences in stability of the self-assembled nanoparticles
upon aging, the complete pH range was not available for SANS
measurements. For certain pH ranges, no stable particles have
been found. These pH limits diﬀer in dependence on dye and
loading ratio.
Results for Ar26 and the G4 dendrimer at l = 1.8 at pH = 7.2
and a corresponding charge ratio cr = 3.5 are depicted in Figure
5. From the low q signal of the SANS scattering curves, one can
identify the nanoassemblies present in solution. Considering

Figure 3. DLS: electric ﬁeld autocorrelation function g1(τ) (blue) and
relaxation time distribution A(Γ) (red) for an Ar26−dendrimer sample
at pH = 8.5 and l = 1.8 (cr = 6.6).
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Figure 4. (a) Hydrodynamic radius RH as a function of pH for an Ar26−G4 sample with l = 1.8. The line is a guide to the eye. (b) Surface charge
density as a function of pH; it decreases as the pH increases for an Ar26−G4 sample.

curves are reported in Table 2. From Figure 7a, c, and e, it is
evident that for all of the dyes, the curves obtained at pH 3.5
are diﬀerent than the ones at higher pH. In particular, for Ar26
and APhAcOHRAc, the curves at high pH show a shoulder at
around q = 0.05 nm−1 that is missing at pH = 3.5. The
diﬀerence can be understood by a change in the structure; this
means that by changing the pH, it is possible to obtain diﬀerent
nanostructures. In addition, the position of the shoulder varies
with pH. For the Ar26−G4 dendrimer samples (Figure 7b), it
shifts from q = 0.025 nm−1 for pH = 9.5 (cr = 18.0) to q = 0.042
nm−1 for pH = 7.2 (cr = 3.5), which can be related to a change
in dimensions leading to a strong relationship between
nanoassembly dimensions and pH/charge ratio. The same
behavior can be observed for APhAcOHRAc; here, the
shoulder shifts from q = 0.023 to 0.047 nm−1.
For Ar26 and G4 dendrimer (Figure 7a), at loading ratio l =
1.8 and pH = 3.5 (cr = 1.8), the nanoparticles are cylinders with
an elliptical cross section. The length is L = 300 nm, the radius
of the long axis of the cross section is 44 nm, and the radius of
the short axis is 11 nm. The anisotropic cross section is
probably due to the π−π interaction between the dye molecules
that is anisotropic. Therefore, also on the cross section, one
direction is favored during the growth process, as indicated in
Scheme 2. When the pH changes to pH = 7.0 (cr = 3.5), the
nanoassemblies become cylinders with an isotropic cross
section. Hence, the cross section changes with pH. The change
can be understood considering that at pH = 7.0, only the
dendrimer primary amines are protonated, and therefore, the
dye−dendrimer interaction changes. This change may also
aﬀect the dye−dye interaction, resulting in an isotropic cross
section. The length of the cylinder is L = 850 nm, and the cross
section radius is 97 nm. From pH 7.0 to 9.5, the shape remains
constant, the cylinder length decreases from 850 to 720 nm,
while the radius decreases to 62 nm at pH 7.8 (cr = 4.0) and
increases again to 130 nm at pH 9.5. When the pH is close to
10 where only very few amine groups are protonated, the shape
changes again, and spherical assemblies can be found in
solution. All results are depicted in Scheme 3.
A similar behavior in pH is found when considering a loading
ratio of 1.0. From pH = 3.5 (cr = 1.0) to pH = 5 (cr = 1.2),
cylinders with an elliptical cross section are observed, while at
pH > 5, the nanoparticles are spherical. For the cylinders, the
length becomes smaller as the pH increases (from 600 to 370
nm), while the cross section remains almost constant. Instead,
the spheres become larger as the pH increases, with the radius
changing from 22 nm at pH 5.1 (cr = 1.2) to 70 nm at pH 6.9
(cr = 1.9). The nanoassemblies are unstable at higher pH.

Figure 5. SANS results for an Ar26−G4 dendrimer sample at l = 1.8,
pH = 7.2, and cr = 3.5. The continuous line is the ﬁt according to the
sketched cylinder.

the I(qmin), it can be immediately concluded that their size is at
least around 800 nm. To obtain the shape and the dimensions
of the nanoparticles in detail, the curve has been ﬁtted with
structural models (more info is given in the Experimental
Section). The ﬁt of the curve in Figure 5 corresponds to
cylindrical nanoparticles with a length of L = (850 ± 30) nm
and a cross section radius of rc = (97 ± 5) nm, as indicated in
the sketch.
For some samples, SLS has been carried out to permit
extension of the q range of the spectra in the region of the low q
down to 6.8 × 10−4 nm−1. This is crucial for the samples where
it was possible to obtain only limited information from SANS
due to the limited q range. An example is given in Figure 6.
Scattering curves for all samples are displayed in Figure 7,
and the structural parameters obtained by ﬁtting the SANS

Figure 6. Ar26−G4 dendrimer at l = 1.8, pH = 8.5, and cr = 6.7; the
experimental curve results from the merge of SLS (low q) and SANS
data.
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Figure 7. SANS scattering curves: (a) Ar26−dendrimer, loading ratio l = 1.8 at diﬀerent pH; (b) low q enlargement of (a) at pH > 7; The shoulder
shifts with pH. (c) Ar26−dendrimer with loading ratio l = 1.0 at diﬀerent pHs. (d) Comparison of the spectra obtained for pH < 4.5. At pH 4.1 and
3.5, a signal at low q arises. (e) APhAcOHRAc−dendrimer with a loading ratio l = 1.8 at diﬀerent pHs.

Considering the charge ratio, the stability range boundaries are
the same as those for loading ratio 1.8 (range at cr < 1.8 and >
3.4), while they are diﬀerent if the pH is taken into account.
At pH < 6, an additional second signal arises in the SANS
spectra at q = 0.8 nm−1. This signal can be understood by
taking into account the presence of unaggregated dendrimer
molecules when the charge ratio is lower than 1.5. As the pH
approaches the level of 4 (Figure 7d), another signal arises at q
= 0.015 nm−1, which is due to the formation of larger
assemblies with an overall dimension larger than 900 nm.
Because the signal remains the same as the pH changes from
pH = 4.1 to 3.5, it may be caused by the stacking of the
elliptical cylinders observed at pH 4.3. In the SANS curve, the
presence of larger assembies results in the appearance of a
signal at lower q and in the decrease of the elliptical cylinder
signal. We can identify these larger assemblies as the elliptical
cylinders stacking on each other because by lowering the pH,
the signal at low q remains constant, while the formation of new
particles would result in a signal increase. Hence, we can
conclude that diﬀerent loading ratios lead to diﬀerent shape
changes as the pH varies. In contrast, the component ratio does
not aﬀect the stability region limits if the charge ratio is
considered.

The results for APhAcOHRAc are reported in Figure 7e. In
this case, no shape changes are observed as the pH changes.
The nanoparticles are spherical at all pHs, while at pH < 4, that
is, when all primary and tertiary dendrimer amine groups are
protonated, a structural change may be identiﬁed. Here, the
spherical assemblies show a core−shell structure. In this case,
the ﬁt model describes a particle with a denser core and a less
dense shell, which can be due to a diﬀerent dye content and
hence a diﬀerent degree of interconnection in the shell and in
the core of the supramolecular sphere. As in the case of Ar26 at
loading ratio 1.0, the nanoparticles become larger as the pH
increases, from 82 nm at pH = 4.0 (cr = 1.8) to 165 nm at pH =
6.7 (cr = 3.1).
We showed above how the ζ-potential changes continuously
around the pKa of the −COOH group (pH = 4.3). The SANS
data prove that also the shape is not aﬀected by the
protonation. Therefore, the valency of the dye has no eﬀect
on both stabilization and pH shape dependence. While for Ar26
at a loading ratio of l = 1.0 and 1.8, the same stability range was
found, it is diﬀerent for APhAcOHRAc; stable nanoassemblies
can be found between charge ratio cr = 1.8 and 3.1.
For ABnOHRAc−dendrimer samples, elongated particles
have been observed at all pHs. The nanoparticles have a
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Table 2. Structural Parameters Obtained from Fitting the SANS Curves
pH

charge
ratio

shape

Ar26−G4 l = 1.8
9.8
35.9
sphere
9.5
18.0
cylinder
9.3
12.9
cylinder
8.6
6.7
cylinder
8.2
4.8
cylinder
8.0
4.3
cylinder
7.8
4.0
cylinder
7.5
3.9
cylinder
7.4
3.8
cylinder
7.2
3.5
cylinder
6.8
3.4
cylinder
3.5
1.8
elliptical cylinder
Ar26−G4 l = 1.0
6.9
1.9
sphere
6.8
1.9
sphere
6.5
1.8
sphere
5.7
1.4
sphere
5.1
1.2
sphere
4.9
1.2
elliptical cylinder
4.3
1.1
elliptical cylinder
4.1
1.1
elliptical cylinder
3.5
1.0
elliptical cylinder
APhAcOHRAc−G4 l = 1.8
6.7
3.1
sphere
5.5
2.5
sphere
4.5
1.9
sphere
4.0
1.8
sphere
3.5
1.8
core−shell sphere
ABnOHRAc−G4 l = 1.8
5.7
2.5
cylinder
4.5
1.9
cylinder
1.8
1.8
ﬂex. ellipt. cyl.
Ar27−G4 l = 1.8
5.0
2.1
sphere
3.5
1.8
core−shell sphere

radius (nm)

length (nm)

190 ± 10
130 ± 10
95 ± 5
72 ± 5
65 ± 5
66 ± 5
62 ± 5
82 ± 10
81 ± 10
97 ± 5
97 ± 5

70
57
46
25
22

±
±
±
±
±

720
720
820
800
710
720
930
850
850
850
300

±
±
±
±
±
±
±
±
±
±
±

40
40
50
40
40
40
40
40
40
30
10

minor axis
(nm)

11 ± 1

major axis
(nm)

volume (106
nm3)

44 ± 4

28.7
38.2
38.2
13.4
10.6
9.7
8.7
19.6
17.5
25.1
25.1
0.5

5
3
3
2
2
370
500
600
600

±
±
±
±

10
20
50
50

17
16
13
13

±
±
±
±

1
1
1
1

36
34
27
27

165 ± 30
98 ± 1
93 ± 1
82 ± 1
core: 28 ± 1 total: 46 ± 3
86 ± 2
86 ± 2
min: 7 ± 1 max: 42 ± 6

±
±
±
±

2
2
2
2

1.4
0.8
0.4
0.07
0.05
0.7
0.9
0.7
0.7
18.8
3.9
3.3
2.3
0.4

500 ± 10
120 ± 10
total: 2100 ± 100 Kuhn: 140 ± 10

77 ± 1
core: 13 + 1 total: 44 ± 3

11.6
2.8
1.9
1.9
0.4

nanoparticle dimensions are strongly related to pH; at higher
pH, larger structures are formed. Therefore, pH is a crucial
parameter in the nanoparticle design through electrostatic selfassembly. It allows for a targeted structure design and for
tuning and triggering the dimension and shape of the
supramolecular assemblies in solution. These ﬁndings can, for
example, be of importance in drug delivery or carrier systems in
nanotechnology. While this study focuses on general principles,
it also includes several structures that are stable over a
physiologic pH range and undergo shape changes in this region.
Because a facile building block concept is used, structures may
then easily be target-designed for a speciﬁc application in the
future.

cylindrical shape at a pH higher than 4, while at lower pH, the
nanoparticles are long ﬂexible cylinders with an elliptical cross
section. Interestingly, the radius of the cylinder does not change
with pH, while the length increases as the pH increases. The
stability range regarding the charge ratio is the same as that for
APhAcOHRAc. Results on the stability range and the shape for
these two systems are given in Scheme 3. Further, for Ar27, the
case is almost identical to the one of APhAcOHRAc; pH
variation does not aﬀect the nanoparticle shape, but it changes
their structure, that is, it causes the formation of a less-dense
shell at pH < 4.0. Again, the nanoparticles become larger as the
pH increases. Stable particles have been found between charge
ratio 1.8 and 2.5 for this system.
Therefore, we can conclude that the stability range for ionic
dendrimer−dye assemblies in aqueous solution only depends
on the dye used. If the nanoassemblies are spherical, the shape
remains unchanged over the complete pH range, while at pH
3.5 (loading ratio and charge ratio l = cr = 1.8), the
nanoparticles show a core−shell structure with regions of
diﬀerent density. The dyes forming anisotropic nanoparticles at
loading ratio 1.8 and pH 3.5 form isotropic assemblies in
certain pH ranges, that is, they show a shape transition. Also,

■

CONCLUSIONS

In conclusion, we elucidated pH as a key to tunable particle
stability, shape, and size in the electrostatic self-assembly of
ionic dendrimers and oppositely charged dyes in aqueous
solution. Supramolecular dendrimer−dye nanoparticles are
more stable at low pH when both primary and tertiary
dendrimer amine groups are protonated. The ζ-potential is
higher at low pH and varies linearly with pH. This indicates
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Scheme 3. Stability Plots for Ar26 and Dendrimer G4 at l =
1.8 and 1.0 and for APhAcOHRAc and ABnOHRAc at l =
1.8

shape can be of great potential for novel smart therapeutic
carrier systems.
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that the stabilization mechanism is the same at pH > 7.0 where
the dye molecules can bind only to the “outside” of the
dendrimer molecules and at pH < 7.0 where the dye can bind
also to the inner tertiary amine groups. Therefore, it is
demonstrated that the nanoparticle stability arises from
electrostatic stabilization. Furthermore, the aging of the samples
determines the existence of instability regions at certain values
of pH and charge. For each system, we were able to identity a
peculiar stability range that is determined by the molecular
structure of the speciﬁc dye. Changes in the loading ratio result
in the shift of the upper or lower stability limit in pH, while the
limits in charge ratio remain unchanged. This again conﬁrms
the ionic nature of the stabilization and, in particular, shows the
primary importance of the charge ratio over the other
parameters. pH = 7.0 is a crucial value because tertiary amine
groups start to be protonated, and it always represents one of
the limits of the stability region.
Stable and well-deﬁned nanoparticles can be formed at pH ≥
3.5. Here, nanoparticle dimensions strongly depend on the
solution pH. Combining results of DLS and ζ-potential
measurements, the surface charge density has been shown to
be the crucial parameter in nanoparticle stability and size
control. Dimensions of the supramolecular nanoparticles, as
revealed by SANS, can be tuned over a wide range by regulating
the pH, with a higher pH yielding larger nanoparticles. For
example, in the case of the dendrimer−APhAcOHRAc
assemblies, spheres with radii from R = 46 nm (pH 3.5) to R
= 165 nm (pH 6.7) can be created. Moreover, pH is also a key
to a tunable particle shape. For example, for Ar26, the pH can
be used as a trigger to switch between nanoscale cylinders with
elliptical cross sections and spherical nanoparticles and for
ABnOHRAc between up to 2 μm long ﬂexible cylinders and
shorter (100−500 nm) stiﬀ cylinders. In all cases, the pH can
switch between a nanoassembly and dissociated building blocks.
Well-deﬁned nanoparticles, the size and shape of which can
be triggered by controlling the pH of the solution, are of
fundamental importance for tailoring self-assembly to yield
target structures and properties. In particular, a pH-responsive
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Systems that can be controlled through external triggers are of interest for a variety of applications. Here, we discuss the
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effects of pH on the electrostatic self-assembly of poly(amidoamine) dendrimers of generation 4 and a divalent azo dye
keeping constant the charge ratio of the building blocks. Stable nanoparticles stabilized by an excess of dendrimer charge
can be formed at 3.5 ≤ pH ≤ 8.5. The nanoparticle structure strongly depends on the solution pH. For example, at
7 ≤ pH ≤ 8.5, where only the primary amines of the dendrimer are protonated, spherical particles are formed, while at 3.5
≤ pH < 7 where also the tertiary amines are protonated, cylinders are formed. Moreover, the change in dendrimer
protonation affects the self-assembly not only on the nano-scale level, but also the molecular-scale resulting in a change of
the dye stacking: the twist angle of the dye molecules increases as the pH decreases. The results have been related to
changes in the dye-dendrimer and dye-dye interaction, in particular spherical nanoparticles are formed when the
interaction is small. Lastly, the structures at different pH and constant charge ratio are compared to results at constant
loading ratio to understand the overall role of the pH on electrostatic self-assembly with particular attention to pH
responsive shape, who is of great interest, for example, for nanosensors.

1. Introduction
Self-assembly has been proven to be a powerful strategy for
the synthesis of supramolecular nanostructures,1-8 in
particular, nanoparticles that can respond to external triggers.
Goal is a rational design of target nanostructures, for example
controlling the particle morphology. This is of crucial
importance for applications such as drug delivery, where it has
been demonstrated that the circulation lifetime in veins
depends on nanoparticle size and shape.9-11
A versatile way of structural control is the use of building
blocks with pH-dependent molecular structure.12-16 For
example, we have recently introduced a concept of
electrostatic self-assembly relying on a general combination of
interactions leading to the synthesis of well-defined
supramolecular nanoscale assemblies.17 The process is based
on the self-assembly of polyelectrolytes and organic
counterions and results in electrostatically stabilized
nanoparticles with sizes up to more than hundred
nanometers.18 As counterions, multivalent organic dyes have
been used to interconnect the polyelectrolyte molecules.
Additionally, secondary interactions such as - stacking of the
dye molecules or geometric effects occur during the process.
The choice of the building blocks allows to form nanoparticles

switchable by external triggers: for example, nanoparticles
responsive to light and pH have been built.19-20 To achieve
control over the process via pH, polyamidoamine (PAMAM)
dendrimers have been applied as macroions, the charge of
which can be adjusted by regulating the solution. Thereby
assembly on-off switchability was achieved via protonation
and deprotonation of the dendrimer molecules.

Scheme 1 Molecular Structures of the Building Blocks Used in the Present Study.
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To understand the delicate balance of electrostatics, -
interaction and geometric effects, we have investigated the
nanoassembly structures and the thermodynamics of dye-dye
and dye-dendrimer interaction.21 More recently, we focused
on the effect of the pH, i.e. dendrimer protonation degree, on
the self-assembly showing that nanoparticles are
electrostatically stabilized and more stable at full protonation
of the dendrimer (pH = 3.5). In addition, the pH has been
shown to control the nanoassembly shape and dimensions.22
Herein, we study the influence of pH from a different
perspective. Nanoparticle stability and structure are
investigated keeping constant the ratio of the charges of the
dyes and of the dendrimers when varying the pH. This is in
difference to the earlier study where the molar ratio of dye
sulfonate groups to dendrimer primary amines was kept
constant.22 The new approach is extremely promising to
fundamentally understand pH effects in ionic supramolecular
structures. Lastly, the results at constant charge ratio are
combined with the previous results obtained varying the pH
keeping constant the loading ratio to understand the overall
role of pH in electrostatic self-assembly.22 The two studies
combined together yield insight on how the electrostatic
interaction and the secondary interactions work together in
the self-assembly
Specifically, we have investigated the self-assembly of
polyamidoamine (PAMAM) dendrimers of generation 4 and
the negatively charged divalent azo dye Ar26 (Scheme 1) as a
model system. Nanoassembly stability is related to -potential
measurements, while the structural characterization consists
of small angle neutron scattering (SANS) to investigate shape
and dimensions and UV-Vis spectroscopy to study the dye
stacking induced by ionic association. A phase diagram of
nanoparticles shape and dimensions in dependence on pH is
established and compared with previous results.
Elucidating the stability and the structures of supramolecular
nanoparticles is of crucial importance to better understand
how the interactions interplay in the self-assembly and to be
able to exploit the effect of pH as a trigger. A targeted
triggering of the nanoparticle structure and properties is the
key for applications as smart drug carrier systems or sensors.

1. Experimental Section

prepared at six different pH values: 3.5, 4.5, 5.5, 6.5, 7.5 and
8.5.
1.3 -potential measurements
-potential measurements of samples with concentrations
between 9.5 10–7 mol/kg and 1.6 10–7 mol/kg were carried out
on a Zetasizer Nano ZS analyzer with integrated 20 mW HeNe
laser with = 633 nm (Malvern Instruments Ltd, U.K.).
Measurements were carried out at room temperature using
folded capillary cells (DTS 1060) in three replicate
measurements. The -potential has been calculated from the
electrophoretic mobility using the Von-Smoluchowski
equation.
1.4 SANS measurements
For SANS, samples with a dendrimer concentration of 3.5 10–5
mol/kg were transferred into quartz cells with 2 mm path
length. SANS studies were performed on D11 at the Institut
Laue-Langevin, Grenoble, France using a wavelength of 6 Å.
The samples were measured at 3 different sample-detector
distances, 1.2 m, 8 m and 39 m. The wavelength spread (/)
was 0.09. Thereby a total scattering vector range of: 0.009 nm–
1 < q < 5 nm–1 was covered. Data were corrected for empty cell
scattering, electronic background and detector uniformity and
then converted to absolute scale using secondary standards.
Then, the scattering of the solvent and the incoherent
background were subtracted. Structural modeling has been
used to obtain the particles shape and dimensions. For some
samples the instrument resolution has been taken in account
in the fitting process to check its influence on the obtained
results. The SANS intensity can be written as: 𝑰(𝒒) =
𝝓 𝑽𝑵𝑷 (𝚫𝝆𝑺𝑳𝑫 )𝟐 𝑭𝟐 (𝒒), where  is the volume fraction, VNP the
nanoparticle volume, SLD the difference in scattering length
density between the nanoparticle and the solvent and F(q) the
scattering amplitude. The latter parameter describes the
nanoparticle shape. For a sphere of radius r, the scattering
amplitude is:23,24
𝐹(𝑞) = 3

sin 𝑞𝑟−𝑞𝑟 cos 𝑞𝑟
(𝑞𝑟)3

(1)

In the case of cylinders with elliptical cross-section, the scattering
intensity can be written as:25
𝜙
𝐼(𝑞) =
∫ 𝑑𝜓 ∫ 𝑑𝜙 ∫ 𝑝(𝜃, 𝜙, 𝜓)𝑃2 (𝒒, 𝛼, 𝜓) sin 𝜃 𝑑𝜃 (2)
𝑉𝑁𝑃

1.1 Chemicals
With

the

functions:

𝑃(𝑞, 𝛼, 𝜓) = 2

𝐽1 (𝑎) sin 𝑏

,

𝑎=

Poly(amidoamine) (PAMAM) dendrimer of generation 4 was
obtained from Dendritech, Midland, MI, USA and SigmaAldrich, Schnelldorf, Germany. The azo dyes Acid Red 26 (Ar26,
C.I. 16150) was obtained from Acros, Geel, Belgium.

𝑞 sin 𝛼

1.2 Sample preparation

1.5 UV-Vis spectroscopy

Ar26 and G4 dendrimer stock solution were mixed at pH =
10.5, their volume fraction was adjusted to obtain the desired
charge ratio (1.8) at the selected pH. The appropriate amount
of HCl was then added at once under turbulent mixing to
adjust the pH inducing assembly formation. Samples were

Absorption spectra were recorded on a JASCO V-630
spectrometer using quartz cuvettes with 10 cm path length at
dye concentrations of c = 2 10-5 mol/kg. The experimental
extinction coefficient has been fitted according to:

2
√𝑟𝑚𝑎𝑗𝑜𝑟

sin2 𝜓 +

2
𝑟𝑚𝑖𝑛𝑜𝑟

𝑎
𝐿

𝑏

cos 2 𝜓 and 𝑏 = 𝑞 2 cos 𝛼. J1 is the

first order Bessel function.

𝜀𝐷 = 𝜀𝐽 exp [−4𝑙𝑛2
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(ν−ν𝐽 )

2

2
Δ𝜐1/2,𝐽

] + ∑1𝑖=0 𝜀𝑖 exp[−4 𝑙𝑛2

(ν−ν𝑖 )2
Δν21⁄

] (3)

2,𝑖
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whereD is the extinction coefficient of the dimer. This
separation can be done because the spectral separation
between the H- and J- band is greater than the vibronic
progression. Therefore, the first term of the equation refers to
the J band with J as extinction coefficient, J as wavenumber
and 1/2,J as half-width of the Gaussian. The second term
represents the H band extended to two vibronic transitions.

2. Results and discussion
In the following, a structural characterization and a stability
analysis of the self-assembled nanoparticles formed by G4
dendrimers and the azo dye Ar26 at different pH will be
presented. The pH controls the degree of protonation of the
dendrimer.26 Thus, changing the pH modifies the number of
dendrimer protonated amine groups resulting in a change of
available binding sites, i.e. electrostatic association capability,
and of their position, i.e. geometric factors.
Herein, the loading ratio is defined as molar ratio of dye
sulfonate groups to dendrimer protonated amino groups at pH
= 7.0: 𝑙 = 𝑐(𝑆𝑂3− )⁄(𝑐(𝑁𝐻2 ) ∗ 0.5), where 0.5 is the dendrimer
protonation at pH 7, together with the pH dependent
dendrimer protonation  it gives the charge ratio 𝑐𝑟 =
𝑐(𝑆𝑂3− )⁄(𝑐(𝑁𝐻2 ) ∗ 𝛼 ). Hence, changing the pH of a certain
solution does not affect the loading ratio, while it significantly
changes the charge ratio.
We have investigated samples prepared at different pH varying
the ratio of the building blocks such that the charge ratio cr is
kept constant. Therefore, at each pH the number of
dendrimers and their charge position (primary or tertiary
amines) differs, while the ratio of dye to dendrimer charges
remains constant. This approach has been chosen since it
permits to investigate the effects of protonated amine group
position on nanoparticle stability and structure. Focus is the
definition of a phase diagram reporting nanoassembly
structures as a function of pH.
The dendrimer is uncharged at pH = 10.5, where all the amine
groups are deprotonated. As the pH decreases, the primary
amines start to be protonated and the dendrimer becomes
positively charged. At pH = 7.0 all primary amines are
protonated. Between pH = 7.0 and pH = 4.0, the tertiary amine
groups, mostly in the inside of the molecule, become
protonated, and at pH = 3.5 both, primary and tertiary amines,
are protonated and the molecule is fully charged. 26

but free dendrimers are present in solution.27 Results are
shown in Figure 1. When the solution pH changes, the potential remains almost constant between 37 ± 4 mV and
48 ± 4 mV. Hence, when the charge ratio is kept constant, the
nanoparticle charge does not depend on the solution pH. The
protonation state of the dendrimer, i.e. the number of charged
amine groups and their position, does not play any role in the
stabilization process as long as the dye to dendrimer charge
ratio remains constant. Moreover, keeping constant the
charge ratio cr, it is possible to obtain stable particles at high
pH, even when the corresponding loading ratio is rather small
as in the case of pH = 8.5 where the corresponding loading
ratio is l = 0.5, two times less than the stoichiometric ratio.
This behavior is completely different from what has been
observed when the loading ratio is kept constant to l = 1.8
(Figure 1) changing the pH.22 In this case, the -potential is not
constant: it decreases continuously from 42 mV at pH = 3.5 (cr
= 1.8) to 20 mV at pH = 8.0 (cr = 4.3). Hence, it is evident that in
the two cases the nanoparticles show different stability and
that the choice of the parameter, which is kept constant while
changing the pH, has a substantially different impact in the
particle stabilization. Further, the case of constant loading
ratio results in the definition of pH ranges where the
nanoparticles are stable and ranges where precipitation
occurs, while when the charge ratio is kept constant the
nanoparticles are stable and do not precipitate at any pH. This
is another sign of the importance of the charge ratio in the
stabilization process. Constant charge ratio means constant
excess of dendrimer charges at each pH, i.e. less dye molecules
per dendrimer for decreasing dendrimer charge, while
constant loading ratio means decrease of the dendrimer
charge excess. The results confirm that the nanoparticles are
stabilized by the excess of dendrimer charges.

Figure 1 -potential results for: Ar26 and G4 at constant charge ratio cr = 1.8 and
Ar26 and G4 at constant loading ratio l = 1.8.22

2.1 Particle stabilization: -potential
For the understanding of nanoparticle stabilization, -potential
measurements have been performed. This measures the
differences of electrostatic potential between the solvent and
the layer of fluid attached to the dispersed nanoassemblies.
Therefore, when the nanoparticles are electrostatically
stabilized, it is related with the stability of the aggregates:
more stable nanoassemblies usually show a higher -potential
value in comparison to less stable ones.
Measurements have been performed at different pH adjusting
the ratio of dendrimer and dye molecules to keep the charge
ratio constant at cr = 1.8. This charge ratio has been chosen
since here all the dendrimers aggregate into the nanoparticles,
while at lower values the nanoparticle shape remains constant
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In conclusion we have demonstrated that, when the charge
ratio is kept constant, stable nanoparticle can be formed at
each pH, even when the loading ratio is low (l = 0.5). We have
shown that the dendrimer protonation has no effect on the
stabilization. This is in difference to the results measured
keeping constant the loading ratio. These results clearly
indicate the importance of the charge ratio on the selfassembly and the role of electrostatic interaction on
nanoparticle stabilization. The delicate balance of dye and
dendrimer charges is the key to control nanoparticle stability.
2.2 Nanostructure Characterization: Small Angle Neutron
Scattering
The nanoparticle shapes and dimensions have been
investigated by SANS. This technique permits the investigation
of the nanoassembly structure as a function of the pH giving
insight into the role of the dendrimer protonation on the selfassembly process.

Figure 2 a) SANS curves measured at different pH keeping the c r constant.
Different shapes are observed. b) Comparison of Ar26+G4 at pH = 4.5 forming
cylinders with elliptical cross-section and Ar26+G4 at pH = 7.5 forming spheres.

pH

l

Shape

Cross–section

L / nm

rmin /
nm
11 ± 1

rmaj /
nm
44 ± 4

300

10 ± 1

40 ± 4

220 ± 10

9±1

36 ± 4

170 ± 10

R / nm

3.5

1.8

4.5

1.7

5.5

1.4

6.5

1.0

Ellipt.
Cylinder
Ellipt.
Cylinder
Ellipt.
Cylinder
Sphere

7.5

0.9

Sphere

36 ± 2

8.5

0.5

Sphere

32 ± 2

46 ± 2

Table 1 Geometric Parameters as resulting from the SANS fit for Ar26 + G4 at Cr = 1.8

The SANS results for Ar26 and G4 dendrimer at different pH
are depicted in Figure 2a. First, it is evident that the curves rise
at low q indicating the presence of nanoparticles in solution.
From the smallest measured wave vector qmin, it is possible to
obtain information on the dimension that the nanoparticle at
least has, which in this case it is in the order of hundreds
nanometers. To obtain the shapes and the dimensions of these
nanoassemblies precisely, the curves have been fitted using
structural models. Two fits and resulting particle shapes are
given in Figure 2b: One of the SANS curves corresponds to
elongated nanoparticles with elliptical cross section and the
other one to spherical particles. As evident in Figure 2a,
changing the pH and keeping constant the charge ratio, two
different nanoparticle structures can be identified: between
pH = 3.5 and pH = 5.5, Ar26 and G4 dendrimer form cylinders
with elliptical cross section, while at pH higher than pH = 6.5
spherical nanoassemblies are formed. The parameters
resulting from the fits are given in Table 1. Between pH = 3.5 (l
= 1.8) and pH = 5.5 (l = 1.4), Ar26 and G4 dendrimer form
cylinders with elliptical cross section. The length decreases as
the pH increases from L = 300 nm to L = 170 nm, while the
cross-section remains almost constant (minor axis rmin = 10 nm
and major axis rmaj = 40 nm). At pH = 6.5 the shape changes
and the nanoparticles become spherical. At higher pH the
nanoparticle shape remains spherical and the dimensions
decrease from R = 46 nm (pH = 6.5) to R = 32 nm (pH = 8.5).
Evidently, while the pH has no effect on the nanoparticle
stability in general, it controls the nanoparticle shape: from
cylindrical nanoparticles at pH < 6.5 to spheres at pH ≥ 6.5. The
transition takes place around pH = 6.5, where all the external
primary amines and only few internal amine groups are
protonated. Therefore, there is a strong connection of shape
with dendrimer protonation: when only the primary amine
groups are protonated, isotropic nanoparticles are observed,
while when there are sufficient protonated internal tertiary
amines, anisotropic nanoparticles are observed. Hence, pH can
be used as external trigger to obtain stable particles with
different shapes. In addition, at pH > 6.5 a second signal
around q = 0.7 nm-1 arises in the SANS curves. This effect is
due to the loading ratio. At pH = 6.5, the loading ratio is lower
than 1.5 and some free dendrimer molecules can be found in
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solution. The signal grows as the pH increases, because the
amount of free dendrimer molecules increases as the loading
ratio decreases.
The decrease in size with increasing pH is interesting because
it is opposite to what has been observed when keeping
constant the loading ratio for the spherical nanoparticles. In
addition for the elongated nanoparticles, here the size
decrease is followed by a decrease of the loading ratio, while
in the previous case it was followed by an increase of the
charge ratio.25 A first explanation may lie in the nanoparticle
stability: when the loading ratio is kept constant, less stable
nanoparticles are formed at high pH and these particles
incorporate more building blocks resulting in larger
aggregates, while when the charge ratio is kept constant,
stability does not change. This finding points out the crucial
importance of the electrostatic interaction in the self-assembly
process. Electrostatic interactions do not only interconnect the
molecular building blocks, but also control the dimensions of
the nanoassemblies.
Due to the impact of the dendrimer protonation degree on the
nanoparticle structure, it is worth to compare the structural
results obtained at fixed pH and different charge ratio cr to our

previous results obtained at different loading ratio l.22 This
might be a first step in the understanding of the role of the
ratio between the building blocs on nanoparticle formation
and stabilization. The comparison is depicted in Figure 3: it is
evident that different nanoparticle structures can be observed
at the same pH. For example, at pH = 4.5 at loading ratios l =
1.0 and l = 1.7 (Figure 3a), the same shape is observed: the
nanoassemblies are cylinders with elliptical cross-section.
When the pH rises to pH = 5.5 (Figure 3b), different shapes can
be found at l = 1.4 (cylinders with elliptical cross-section) and
at l = 1.0 (spheres). The same happens at pH = 7.5 and pH = 8.5
(Figure 3c and d). This means that the nanoparticle shape is
not only controlled by the pH, but also by the ratio of the
building blocks. The effects are summarized in Scheme 2. From
the lowest loading ratio to the highest, it can be seen that
when the loading ratio is smaller than 1.0, i.e. for a great
excess of dendrimer charges, the building blocks form
spherical aggregates, while when the loading ratio increases
anisotropic nanoparticles are formed.

Figure 3 Comparison of SANS curves measured at the same pH for Ar26+G4: a) at pH 4.5 at l = 1.0 (c r = 1.1) and l = 1.7 (cr = 1.8) b) curves measured at pH 5.5 at l = 1.0
(cr = 1.3) and l = 1.4 (cr = 1.8) c) curves measured at pH 7.5 at l = 1.8 (c r = 3.9) and l = 0.9 (cr = 1.8) d) curves measured at pH 8.5 at l = 1.8 (c r = 6.7) and l = 0.5 (cr = 1.8)
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Scheme 2 Nanoparticle shape as a function of charge ratio and loading ratio. pH value is reported for clarity

This might be related to the - interaction strength: since
only few dye molecules bind to the dendrimers, the -
interaction is not sufficient to form anisotropic
nanoparticles at these loading ratios. When the loading
ratio l is higher than 1.0, dyes and dendrimers form
cylinders with elliptical cross-section. The nanoparticles
become larger as the loading ratio l increases. When the
loading ratio l is 1.8, the charge ratio cr increases. This has
been realized by changing the number of protonated amine
groups and keeping constant the amount of dye molecules.
The resulting particle again is a cylindrical assembly, but in
this case the cross-section is circular. The length of the
nanoparticle continues to increase. The transition again can
be explained considering the mutual inter-dye -
interaction. Changing the charge ratio decreases the
number of available binding sites and shifts the interaction
to the primary amine groups of the dendrimer. In this
configuration the - interaction is sufficiently strong to
form elongated nanoparticles, but the formation of an
anisotropic cross-section is prohibited.
Concluding the structural analysis, we showed how pH
controls the nanoparticle structure regulating the shape
and the dimension. When only the external primary amine
groups of the dendrimer are protonated (pH > 6.5)
spherical particles result, whereas when both primary and
tertiary (internal) amine groups are protonated, elongated
structures are formed. In addition, we have shown that
nanoparticle dimensions decrease as the pH increases
when the charge ratio cr is constant. This finding has great
potential for example for drug delivery since pH can trigger
the dimensions of the nanoparticles or their shape. In
addition, we demonstrated how the building block ratio is
crucial in structure determination when the pH is constant.
A phase diagram has been built describing the structural
behavior as a function of the building block ratio and the  interaction.

To understand the pH effects on the nanoparticle structure
more deeply we investigated the dye-dendrimer
association on the molecular scale via UV-Vis spectroscopy.
Nanoparticle formation through electrostatic interaction
between dyes and dendrimers induces spatial proximity of
the dye molecules that then can mutually interact.19,28,29
Figure 4 a) UV-Vis spectra for Ar26 and G4 at different pH. The peak position
and intensity change with pH. b) Fit of the UV-Vis spectra of Ar 26 and G4 at
pH = 6.5 according to exciton theory. Three Gaussian curves have been used
to obtain good agreement with the experimental data.

2.3 - Stacking: UV-Vis Spectroscopy
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This interaction corresponds to a mutual arrangement of
the two interacting -systems and results in a modification
of the UV-Vis spectrum. In more detail, the dye-dye
interaction causes the splitting of the first excited state of
the monomer.30 Therefore, the - stacking can be studied
with UV-Vis spectroscopy and the results can be described
by the exciton theory.31-34 For this system, good agreement
with the experimental data has been obtained fitting the
spectra with three Gaussian curves resulting in three
transitions: J, H0 and H1. The measured UV-Vis spectra and
a fit example are given in Figure 4a and b.
The first parameter obtained from the fit is the peak
position, and, as is evident from Figure 4a, it changes with
the pH. The trend is shown in Figure 5a where the peak
position for the H0 band is given as a function of pH. Two
different regimes can be identified: for 3.5 ≤ pH ≤ 6.5 the
peak shifts continuously, decreasing form 20751 cm–1 at pH
= 3.5 to 20150 cm–1 at pH = 6.5, while at pH > 6.5 the
position remains steady around 20100 cm–1. From the SANS
results, this effect is clearly connected to the nanoparticle
shape. The peak position changes when the nanoparticles
are elongated and remains constant at pH higher than 6.5
where spheres are formed.
Now it is possible to obtain a geometric parameter
describing the dye-dye molecular interaction: the twist
angle  between two dyes molecules: 35
𝑓

𝛽 = 2 𝑎𝑟𝑐𝑡𝑎𝑛√𝑓𝐽

𝐻

(4)

Where fi is the oscillator strength for the i-th band
calculated by integration of the respective peak area.
The twist angle as a function of pH is reported in Figure 5b.
Two different regimes can be identified: pH < 6.5 and pH >
6.5. In the first, the twist angle  decreases continuously
from 55° (pH = 3.5) to 37° (pH = 6.5), while in the second it
remains constant around 38°. As in the case of the peak
position, this behavior can be understood if the
nanoparticle structure is taken into account: the angle is
constant for spherical nanoassemblies, whereas it changes
for elongated ones.
Thus, by UV-Vis spectroscopy, we showed that pH acts not
only on the nanocale structure, but also on the dye-dye
molecular stacking. It results in a twist angle change and a
relationship of twist angle and nanoparticle structure has
been obtained.

Figure 5 a) Peak position as obtained from the fit according to exciton theory
for H0 band. The peak position changes with pH and b) .Twist angle as
obtained from equation (1) as a function of solution pH. From pH = 6.5 the
angle is constant around 38°, for pH < 6.5 it decreases continuously and it is
always higher than 40°.

Conclusions
Key understanding of pH effects in electrostatic selfassembly in solution has been gained. We have shown that
keeping constant the charge ratio, i.e. the excess of
dendrimer charges, results in stable nanoparticles over a
wide range of pH (3.5 ≤ pH < 8.5). Hence, the position of
the charged groups does not affect the nanoparticle
stability if the charge ratio is kept constant. In contrast, a
change in nanoparticle shape has been observed around pH
= 6.5. Cylindrical particles are formed at pH < 6.5 while
spherical particles are formed at pH ≥ 6.5. The
nanoparticles become smaller as the pH increases. Hence,
pH can be used to tailor the nanoparticle structure.
Spherical nanoparticles are formed when only primary
amines are protonated, the cylinders are formed when also
the tertiary amines are protonated, thus the position of the
charge is crucial in defining the nanoparticle shape. This
might be because the position and the number of the
amine groups available for binding affect the interaction
between dye and dendrimer and the dye-dye interaction.
Furthermore, the environmental pH controls the dye-dye
stacking: it modifies the twist angle between the dye
molecules. When spherical nanoparticles are formed the
angle remains constant around, while when elongated ones
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are formed it increases continuously with pH. Overall, we
have connected the pH effect on different levels, from the
molecular to the supramolecular level, showing that the pH
can be used as trigger to obtain stable nanoparticles with
different shapes if the charge ratio is kept constant. We
have shown how the control of the dendrimer protonation
modifies the dye-dye stacking resulting in structural
changes. This is key in understanding the nanoparticle
formation in electrostatic self-assembly and is of great
interest for application such as drug delivery where smart
carrying systems are used.
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Inducing hetero-aggregation of different azo dyes through
electrostatic self-assembly.
Giacomo Mariani,[a,b] Anne Kutz,[a] Zhenyu Di,[c] Ralf Schweins[b] and Franziska Gröhn*[a]
Abstract: Combining chemically different building blocks in
supramolecular nanoparticles is a promising key to tailored
structures and functionalities. π−π −heterostacks of dye molecules
form upon electrostatic self-assembly with a polyelectrolyte, resulting
in stable ternary nanoassemblies in aqueous solution. Core-shell
spheres, cylinders and flexible cylinders result, which exhibit new
shapes different from the binary systems. Particle shapes can be
tuned via the dye composition.

The association of building blocks into supramolecular
particles is of great importance as it allows for an elegant
synthesis of a variety of functional structures.1 In nature, selfassembly is the origin of complex architectures. Synthetic
assemblies of high potential are supramolecular polymers,2 or
carrier systems.3 Of particular interest is the association of
building
blocks
with
different
properties
to
create
nanoassemblies with enhanced or with novel functionalities. For
example, the coadsorbance of two dyes in SiO2 optical thin films
causes enhanced fluorescent emission in the near-IR where the
characteristics of the energy transfer can be controlled through
the dye ratio.4
Recently, we have introduced a concept to create welldefined nano-objects in solution by electrostatic self-assembly of
macroions and multivalent aromatic counterions.5 Different
assembly shapes ranging from spheres over cylinders and
vesicles to networks have been created and an external control
of the nanoparticle size through pH and light has been
demonstrated.5e,6 The assembly is based on the ionic
interconnection of macroions through multivalent organic
counterions, with thereby induced secondary interaction effects
such as π-π stacking. Hence, the association does not rely on a
specific binding motif. Specifically, we have shown that
multivalent ionic azo dyes interconnect dendrimeric macroions to
form nanoparticles with sizes up to more than hundred
nanometers.7 Recently, we have revealed a relationship of the
size of the self-assembled nanoparticles with the free energy of
dye-dye association.8 Thus, dye stacking plays a key role in the
self-assembly process. However, up to now only the aggregation
of dendrimeric macroions with one dye species has been
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studied. By combining dyes with different properties ways
towards the synthesis of novel systems with tailored properties
may be openend, for example in the fields of nonlinear optical
properties9 or solar energy conversion.10 In addition, systems in
which multiple dyes are jointly used to interconnect the
polyelectrolytes are of fundamental interest with regard to the
role of dye π-stacking. It is well known that H- and Jaggregation of identical dye molecules (homoaggregates) can
be described by exciton theory,11 but only a few investigations
on heteroaggregation exist. For example, stacking of different
dyes has been achieved using specifically synthesized DNA
derivatives as support12 or by addition of ions such as Mg2+.13
Herein, we present an extension of the concept of
dendrimer-induced aggregation of dye molecules into stable
supramolecular nanoparticles, to binary dye mixtures. Again,
stable nanoassemblies form. The interaction of the different
dyes results in the formation of heterostacks. The structure of
the assemblies is discussed and compared to the one formed in
the single dye-dendrimer case.

Scheme 1. Molecular structure of the building blocks used in this study and
schematic representation of the self-assembly process.

We have formed electrostatically assembled nanoparticles of
polyamidoamine (PAMAM) generation 4 dendrimers and a
mixture of two different azo dyes (Scheme 1): a trivalent (Ar27)
in combination with a divalent dye (Ar26 or ABnOHRAc). The
three dyes chosen are known to stack with different twist angles:
Ar27 and Ar26 exhibit different angles of 38° and 55°, while Ar27
and ABnOHARAc stack with the same angle (38°).7b,14 All
samples have been prepared at a loading ratio (molar ratio of
the sum of the sulfonate groups of the two dyes to dendrimer
primary amine groups) of l = 1.8, since at this well-defined stable
dye-dendrimer nanoparticles result for the binary cases.
Dynamic light scattering (DLS) was used to analyze the
nanoparticle formation. Electric field autocorrelation functions
g1(τ) and relaxation time distributions A(τ) for dendrimer-dye
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1

Figure 1. a) Dynamic light scattering analysis of ternary mixed-dye-dendrimer samples: electric field autocorrelation function g (τ) and distribution of relaxation
time A(τ) for Ar27-Ar26-dendrimer G4 samples at l = 1.8 and b) Hydrodynamic radius RH as a function of the Ar27 percentage in the sample

assemblies with Ar27 and A26 at different dye mixing ratios
are depicted in Figure 1a. Formation of well-defined
nanoparticles of a certain size occurs. Only one kind of
assembly is present showing that the two dyes jointly form a
new type of assembly. DLS data change with the mixing ratio:
starting from Ar27 and increasing the percentage of Ar26, the
characteristic decay time shifts to smaller values indicating a
size decrease, reaching a minimum when equal amounts of
Ar27 and Ar26 are present. When Ar26 becomes the major
dye, the peak shifts back to longer relaxation times. Results
in terms of the hydrodynamic radius RH are given in Figure 1b
showing the two different regimes: for 100 ≥ % Ar27 ≥ 50, RH
decreases from 63 nm to 47 nm and for % Ar27 < 50, RH is
constant around 85 nm. Hence, the combination of two dyes
with different molecular structure and charge results in the
formation of a single type of stable and well-defined
nanoparticle in solution. Both dyes must be combined in one
assembly and dimensions depend on the dye mixing-ratio.
Further, assembly formation and dye stacking have been
investigated by UV-Vis spectroscopy, as depicted in Figure
2a-b. As the sample composition changes, the signal
continuously shifts from the signal of one dye to the other. For
Ar27 and ABnOHRAc (Figure 2b), the H-peak shifts from
approximately 19000 cm–1 for Ar27 to 20500 cm–1 for
ABnOHRAc. As reference, the spectra of the dye mixtures in
absence of dendrimer have been measured (Figure 2c-d).
Also here, a spectral shift is observed. Despite this similarity,
the intensity and the form of the spectra significantly differ.
The decrease in intensity when dendrimers are in solution is
due to the formation of the nanoparticles, while the variation
in the spectral form indicates that the dye stacking is different.
Moreover, this difference reveals that no dye-only stacks are
present in solution once the nanoparticles have formed. In
both the cases, on first sight, the absorbance appears to
possibly result from the sum of the signals of the single dyedendrimer assemblies or of the pure dyes. Hence, the sum
weighted according to the sample composition has been used
to describe the experimental signal. A selection of the results

for the dye-dendrimer system is given in Figures 2e-f, while
the results without dendrimer are reported in the SI. For 70 %
Ar26 and for 10 % ABnOHRAc in combination with Ar27, the
calculated absorbance describes the experimental one
perfectly. In contrast, for 10 % Ar26 and for 70 % ABnOHRAc
in combination with Ar27, calculated and experimental
spectra differ: here, the dye stacking changes, resulting in a
change in the UV-Vis absorbance. To check if this effect is
due to a different composition, a simple fit has been
performed describing the experimental curve with the sum of
the two single dye-dendrimer spectra with the dye percentage
as fitting parameter (Figure 2e): the curve does not reproduce
the experimental curve either; hence, the absorbance cannot
be described on the basis of the single dye-dendrimer spectra.
This behavior must be related to dye heterointeraction and
heterostacking. The effect is observed for certain dye mixing
ratios only, which differ for both systems. Evidently, the effect
strongly depends on the molecular dye structure and on the
sample composition. The same analysis has been performed
for the dye-only mixtures: here, most of the experimental
spectra can be described as the sum of the pure dye spectra.
Only for one sample composition the fit does not reproduce
the experimental spectrum: 70 % Ar27 and 30 % divalent dye,
for both of the divalent dyes. This is in contrast to the dyedendrimer case where the behavior depends on the dye used.
In terms of dye stacking, in general, different phenomena
may occur: hetero- and homo-stacks, dye-only stacks and
dye-dendrimer complexes without any dye-dye alignment.
The existence of dye-only stacks can be excluded since at
loading ratio l = 1.8, all the dye is bound to the dendrimers.7b
No evidence of dye-dendrimer assemblies without dye-dye
alignment has been found since the molecular dye structures
are compatible such that even in absence of dendrimer the
dyes can easily interact. In particular, un-aligned dyes would
result in the presence of individual non-interconnected dyeloaded dendrimers, as without π−π stacking the dyes are
unable to interconnect the dendrimers,8b a scenario which is
not observed.
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Figure 2. UV-Vis analysis of ternary mixed-dye-dendrimer samples: a) Ar27-Ar26-dendrimer samples at different dye mixing ratios; b) Ar27-ABnOHRAcdendrimer samples at different dye mixing ratios; c) Ar27-Ar26 without dendrimer at different dye mixing ratios; d) Ar27-ABnOHRAc without dendrimer at different
dye mixing ratios; e) Details for 30 % Ar27 and 70 % Ar26: good agreement of experimental and calculated absorbance, and 90 % Ar27 and 10 % Ar26: no
agreement of experimental, calculated and fitted absorbance; f) Details for 90 % Ar27 and 10 % ABnOHRAc: good agreement of experimental and calculated
absorbance, and for 30 % Ar27 and 70 % ABnOHRAc: no agreement of experimental and calculated absorbance.

When the experimental spectrum overlaps with the calculated
one, the interaction of the dyes does not destroy the
homostacks and homostacks coexist in one aggregate,
heterointeraction may occur between the homostacks (case A
in Scheme 2). At mixing ratios where the experimental
spectra differ from the calculated ones, the homostacks are
partially destroyed because the heterointeraction is stronger

and more heterointeractions result (case B in Scheme 2). The
proposed model is in good agreement with our recent results
on the thermodynamics of the dye-dye interaction and with
our calculation of the dye molecule spatial configuration.15
The enthalpy change for the dye-dye interaction is ΔHdye-dye
ΔHdye-dye = -29.0 kJ mol-1 for Ar26, ΔHdye-dye = -24.3 kJ mol-1
for ABnOHRAc and ΔHdye-dye = -20.0 kJ mol-1 for Ar27. In
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addition, in the single dye-dendrimer case, Ar27 and
ABnOHRAc have the same stacking angle, while Ar26 stacks
with a larger angle. Hence, differences between the
measured and calculated spectra can be due to the different
compatibility of the dyes mixed. Ar27 and ABnOHRAc, with
the same tilt angle and similar π-π interaction strength,
behave accordingly to case A when the amount of the less
strongly interacting dye (Ar27) is low (≤ 30 %). When the two
dyes are present in more equal quantity, the system behaves
accordingly to case B: the affinity between the different dye
molecules breaks the homostacks and heterostacks form. In
contrast, Ar27 and Ar26, with different tilt angle and more
differing π-π interaction strength, behave accordingly to case
B when the amount of the second dye species is low (≤ 10 %)
because of their limited compatibility. The homostacks cannot
easily stack on one another and the dye-dye interaction
strength of the predominant dye disassembles the
homostacks. In contrast, they behave accordingly to case A
when the two species are present in more equal amounts,
likely because the homo-interaction is strong and preserves
the homostacks and only few homostacks are broken. In
contrast, when the dye stacks form in the absence of
dendrimer, the homostacks are not broken except when Ar27,
the less strongly interacting dye, is present in low quantity
(≤ 30 %). In this case the more strongly interacting dyes
cause the disassembly of the less strong homostacks
resulting in the formation of heterostacks.
Hence, we have demonstrated that heterointeraction
occurs between the different dye species when spatial
proximity is induced by electrostatic self-assembly.
Heterointeraction can be exhibited between the homostacks
or the homostacks break and multiple heterointeractions
takes place between the different dye molecules.
To elucidate how dye mixing and heterostacking affect
the assembly structure, small angle neutron scattering
(SANS) has been performed. The SANS curves are shown in
Figure 3.16 It can be noted directly from the scattering curves
that the two mixtures behave differently. In the case of Ar26
and Ar27 (Fig. 3a), the curves obtained for Ar27 90 % and
70 % and dendrimers are identical to the one obtained for

Scheme 2. Sketch of the model introduced showing the formation of
hetero and homostacks describing UV-Vis absorption spectra.

Ar27- and different from the one of Ar26-dendrimer
assemblies. Hence, these dye mixing ratios do not change
the nanoparticle shape compared to Ar27. In contrast, for
Ar26 and ABnOHRAc (Fig. 3b), the scattering curves are all
different from the ones of the single dye-dendrimer

assemblies. Thus, the two dyes assembling with the
dendrimer form a new, different structure. To reveal the
shape and dimensions, the curves have been fitted with
structural models, results of which are depicted in Figure 3 as
well. For the Ar26-Ar27 mixture, the assemblies with Ar27
90 % and 70 % Ar27 are core-shell spheres similar to Ar27dendrimer. The total radius Rtot decreases from (44 ± 3) nm
for 100 % Ar27 to (34 ± 3) nm for 70 % Ar27. Instead, for
Ar26 forms an elliptical cylinder with a length L = (300 ± 10)
nm and a cross-section with major axis Rmaj = (44 ± 4) nm
and minor axis Rmin = (11 ± 1). Therefore, when Ar27 is the
preponderant dye the shape remains the same as the Ar27
only. Larger amounts of Ar26 are needed to build different
structures. In contrast, when Ar27 is mixed with ABnOHRAc,
a new nanoparticle shape is found upon electrostatic selfassembly with the dendrimer. When the amount of Ar27 lies
between 90 % and 70 %, the system forms ellipsoids. This
structure is different from both, the one formed in the Ar27dendrimer system (core-shell sphere) and the one formed by
ABnOHRAc and dendrimer (flexible elliptical cylinder). Hence,
dye mixtures with dendrimer macroions can be used to form
new structure types. The ellipsoids become smaller as the
Ar27 amount decreases: for 90 % Ar27 the minor axis is
Rmin = (9 ± 1) nm and the major axis Rmaj = (60 ± 1) nm,
whereas for 70 % Ar27 the minor axis is the same and the
major axis decreases to Rmaj = (50 ± 1) nm. At 50 % Ar27, the
system forms flexible elliptical cylinders as found for
ABnOHRAc and dendrimer. Here, the dimensions increase
with increasing amount of ABnOHRAc from a total length L =
(1500 ± 200) nm for 50 % ABnOHRAc to L = (2100 ± 100) for
ABnOHRAc only. The cross-section remains almost
unchanged with the minor axis Rmin = (6 ± 1) nm and major
axis Rmaj = (30 ± 5) nm (ABnOHRAc 50 %) and Rmin = (7 ± 1)
nm and Rmaj = (42 ± 6) nm (ABnOHRAc only).17 Since no
differences are observed with SANS between case A and B
of the dye stacking we can conclude that the nanoassembly
shape rather depends on the dyes used, in particular the
predominant dye, than on the dye stacking characteristics. By
varying the dye mixing ratio it is possible to control the shape
and dimensions of the nanoparticles.
In conclusion, we have demonstrated that dye mixtures
can be used to tune electrostatic self-assembly on the
molecular and nanoscale level. A mixture of two different
dyes together with an oppositely charged dendrimer results in
the formation of stable and well-defined ternary dyedendrimer nanoparticles, the structure of which depends on
the dyes and on the mixing ratio. For Ar27-ABnOHRAcdendrimer assemblies, a new structure is found: for large
amounts of Ar27 ellipsoidal nanoparticles form, which are
different from the structures built by Ar27-dendrimer (coreshell spheres) or by ABnOHRAc-dendrimer (flexible cylinders
with elliptical cross-section) assemblies. On the molecular
level, heterostacking can arise in addition to the well-known
homostacking. It can occur between the homostacks or the
heterointeraction can split the homostacks resulting in new
heterostacks formed by the different dye molecules. Overall,
we have demonstrated the possibility of using electrostatic
self-assembly to induce dye heterostacking. Self-assembly of
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two ionic dyes with a macroion represents a key to tune
stacking and nanoparticle size and shape. This opens the
route to a facile combination of functionalities in conjunction
with a targeted structure design. Such a toolbox principle can

yeld desired properties and possibly novel complex
functionalities with a value in solar energy conversion and in
photocatalysis.

Figure 3. SANS results for ternary mixed-dye-dendrimer samples: a) Ar27-Ar26-dendrimer at different dye mixing ratios and b) Ar27-ABnOHRAc-dendrimer at
different dye mixing ratios.
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SUPPORTING INFORMATION
Chemicals
Poly(amidoamine) (PAMAM) dendrimer of 4th generation was obtained from
Dendritech, Midland, MI, USA and Sigma-Aldrich, Germany. The azo dyes Acid Red
26 (Ar26, C.I. 16150) and Acid Red 27 (Ar27, C.I. 16185) were obtained from Acros,
Belgium. Disodium 4-((3-(hydroxymethyl)phenyl)diazenyl)-3-hydroxynaphthalene2,7-disulfonate (ABnOHRAc) was synthesized by azo-coupling. The precursors for
synthesis were 3-aminobenzyl alcohol (ABnOH, Merck KGaA, Germany), disodium
3-hydroxynaphthalene-2,7-disulfonate (R-Acid, RAc, Sigma-Aldrich, Germany). All
azo dyes were then purified.
Characterization of the Azo Dyes
Yields were calculated on basis of carbon content from elemental analysis. NMR
spectra showed that the product is salt-free except for <1 wt% sodium acetate and a
small amount of ethanol <1 wt% which could not be removed despite extended drying
under high vacuum. The purities given below are corrected for residual amounts of
sodium acetate and ethanol, which were determined by NMR. Azo dyes are known to
possess multiple molecules of crystal water. Thus, the pure dye contents are below
99%, which does not indicate impurities.
Ar26: 1H NMR (D2O, 300 MHz, 25 °C), δ [ppm]: 7.62 (s, 1H); 7.52 – 7.40 (m, 2H);
7.38 (s, 1H); 6.53 (d, J = 8.0 Hz, 1H); 5.95 (d, J = 8.1 Hz, 1H); 5.35 (s, 1H); 1.44 (d, J
= 7.5 Hz, 6H). Anal. Calcd for C18H14N2Na2O7S2: C, 45.00; Found: C, 43.16; dye
content: 96%.
Ar27: (D2O, 300 MHz, 25 °C), δ [ppm]: 8.05 (d, J = 7.8 Hz, 1H); 8.01 – 7.93 (m,
2H); 7.87 (d, J = 8.4 Hz, 1H); 7.75 (d, J = 8.4 Hz, 1H); 7.68 – 7.50 (m, 2H); 7.16 (d, J

= 7.5 Hz, 1H); 7.11 – 6.91 (m, 2H). Anal. Calcd for C20H11N2Na3O10S3: C, 39.74;
Found: C, 37.54; dye content: 94%.
ABnOHRAc: 1H NMR (D2O, 400 MHz, 20 °C), δ [ppm]: 7.95 (d, J = 8.8 Hz, 1H);
7.71 (dd, J = 8.6, 1.8 Hz, 1H); 7.64 (s, 1H); 7.40 (d, J = 1.2 Hz, 1H); 7.00 (t, J = 8.0
Hz, 1H); 6.92 (d, J = 7.6 Hz, 1H); 6.87 – 6.85 (m, 2H); 4.35 (s, 2H). Anal. Calcd for
C17H12N2Na2O8S2: C, 42.33; Found: C, 40.02; dye content: 94%.
Sample Preparation
Stock solutions were prepared in D2O at the pD where the dendrimer is fully
deprotonated (10.5). pD-values were adjusted by adding NaOD or DCl standard
solutions. The two dye stock solutions were added to an aqueous solution of
dendrimers at the same pD. The two dye stock solutions were mixed to acheve the
desired percentage. After mixing, the appropriate amount of DCl was added at once
under turbulent mixing to adjust the sample pD to 3.5 inducing assembly formation.
Dynamic Light Scattering
Measurements were carried out on an ALV CGS 3 goniometer with ALV 5000
correlator (ALV Germany) equipped with a HeNe laser with a wavelength of λ =
632.8 nm and 20 mW output power. Measurements covered an angular range of 30° ≤
θ ≤ 150°. The instrument performs simultaneously static and dynamic light scattering
measurements. In this study, to study nanoparticle dimensions as a function of pH the
dynamic results have been used. Data analysis was carried out by converting the
measured intensity autocorrelation function into the scattered electric field
autocorrelation function using the Siegert relation. The electric field autocorrelation
functions were further analyzed by regularized inverse LaPlace transformation using
the program CONTIN by S. Provencher to obtain the distribution of relaxation times.
From this, the apparent diffusion coefficient was calculated using the relation Dapp =

q-2 · τ-1. To determine the hydrodynamic radius RH, the apparent diffusion coefficient
Dapp is extrapolated to zero scattering angle and then converted into RH through the
Stokes-Einstein relationship.
UV-Vis Spectroscopy. Absorption spectra were recorded on a JASCO V-630
spectrometer using plastic cuvettes with 1 cm path length at dye concentrations of c ≈
2 10-5 mol L–1. Once obtained in the case of pure dye and dendrimer G4, the
experimental extinction coefficient has been fitted according to the relation:
ν − ν!
𝜀! = 𝜀! exp −4𝑙𝑛2
!
Δ𝜐!/!,!

!

!

+
!!!

ν − ν! !
𝜀! exp [−4 𝑙𝑛2
]
!
Δν!/!,!

Where εD is the extinction coefficient of the dimer. This separation can be done
because the spectral separation between the H- and J- band is greater than the vibronic
progression. Therefore the first term of the equation refers to the J-band with εJ as
extinction coefficient, νJ as wavenumber and Δν1/2,J as half-width of the Gaussian. The
second term represents the H-band extended to two vibronic transitions. The
experimental absorbance (Ameas) obtained for the sample composed by two dyes have
been fitted according to the equation:
𝐴!"#$ = 𝑑𝑦𝑒! ∙ 𝐴!"#! + (1 − 𝑑𝑦𝑒! ) ∙ 𝐴!"#!
Where dye1 is the percentage of the first dye in solution divided by 100, Adye1 and Adye2
the absorbance of the samples with respectively only the first dye and dendrimer G4
and the second dye and dendrimer G4.
Small Angle Neutron Scattering
Samples for SANS were prepared in D2O with a dendrimer concentration of 0.5 g
L–1 and 0.2 g L–1 for the samples not stable at the first concentration and transferred
into quartz cells with 2 mm path length. SANS studies were performed on D11 at the
Institut Laue-Langevin, Grenoble, France and on KWS2, at the Jülich Center for

neutron scattering at FRM II, Munich, Germany. On D11 two different λ have been
used: 6 Å and 13 Å. The first has been used for 3 different sample-detector distances,
1.2 m, 8 m and 39 m, while the latter has been used only in case of big nanoparticles
at 39 m. The wavelength spread (∆λ/λ) was 0.09. A total scattering vector range of:
0.007 nm–1< q < 5 nm–1 was investigated. At KWS2, a wavelength of 4.55 Å was used
with 3 sample-detector distances: 2 m, 8 m and 20 m. For some samples a different
combination has been used: 2 m, 4 m and 20 m: the 8 m distance was replaced with
4m to obtain a very similar scattering vector with a higher neutron flux. In this case a
total scattering vector of 0.035 nm–1< q < 5 nm–1 was covered. Data were corrected for
empty cell scattering, electronic background and detector uniformity and then
converted to absolute scale using secondary standards. Then the scattering of the
solvent and the incoherent background have been subtracted from the data. The
scattering curve I(q) has been, firstly, analyzed by Guinier analysis, where possible,
and by inverse Fourier transformation to obtain the pair distribution function P(r)
through the relationship: I(q) = 4π ∫ P(r) sin(qr) / qr dr. On the basis of the first
results, structural modeling by standard fitting packages such as SASview has been
used to obtain the particles shape and dimensions. For some samples the instrument
resolution has been taken in account in the fitting process to check its influence on the
obtained results.
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ABSTRACT: The fundamental understanding of the driving forces in
electrostatic self-assembly is highly desirable for the design of novel systems
and of more eﬀective synthesis strategies. The focus of this study is the eﬀects
of the electrostatic interaction on supramolecular self-assembled nanoparticles formed by cationic dendrimers as model polyelectrolytes and
oppositely charged di- and trivalent dyes, elucidated by changing the solution
ionic strength. Increasing ionic strength results in the formation of larger
nanoparticles, although the screened electrostatic interaction of the building
blocks may be expected to result in the formation of smaller particles. Yukawa
potential and DLVO theory have been used to understand this phenomenon.
The screened electrostatic potential decreases the nanoparticle repulsion resulting in larger aggregates, which also causes an
increase of the nanoparticle charge leading to stabilization. Contrarily, the ionic strength has no eﬀects on the nanoparticle shape
and on the dye stacking due to their π−π interaction. This shows how the electrostatic interaction controls the dimensions of the
nanoaggregates through the stabilization mechanism, while the secondary interactions, and in particular the π−π interaction,
encode the nanoparticle shape. Revealing these relationships is a key step in understanding the ionic association of building
blocks under secondary interactions.

■

INTRODUCTION
The synthesis of nanoparticles with suitable properties for
diﬀerent applications is crucial in material science. Among the
diﬀerent synthesis strategies, self-assembly has special importance in the organization of soft matter.1−15 Great potential lies
in nature-inspired self-assembled systems such as carrier
systems for drug delivery.2,3,16−18 The key for this application
is the possibility to form nontoxic nanoparticles with a size and
shape tunable via external triggers such as pH or light. For
example, it has been demonstrated that nanoparticle shape and
size strongly inﬂuence the circulation lifetime once intravenously administered.19−21 Among the other self-assembly
strategies, electrostatic self-assembly is of special importance
due to the wide range of diﬀerent building blocks available and
the striking number of diﬀerent morphologies that can be
formed.8,22−29
Theoretical and experimental studies have revealed that
physicochemical parameters such pH and ionic strength are of
crucial importance to control the nanoparticle structure and
stability in electrostatically self-assembled systems. In the case
of charged diblock copolymers, the morphology of the
assemblies depends on the added salt or pH: spherical or
cylindrical micelles and vesicles, or even more complex
structures such as toroids, are formed.30−37 Hence, fundamental
understanding of the self-assembly has special importance for
the design of novel systems and for the improvement of the
modern synthesis strategies. In addition, self-assembly in
aqueous solution is of special interest for medical application.
© XXXX American Chemical Society

For this reason, the driving forces and the basic principles of
self-assembly have been investigated theoretically in the past
years.38−40 Recently, the combination of diﬀerent noncovalent
interactions has come into focus for a more versatile
nanostructure design.2,8,9 For example, we have introduced a
new concept of electrostatic self-assembly leading to the
formation of responsive supramolecular nanoparticles in
aqueous solution with narrow size distribution and varying
shape.41−44 The process is based on a general combination of
interactions rather than on speciﬁc binding motifs; in particular,
macroions are interconnected through structural multivalent
organic counterions that can mutually interact through
secondary interactions such as π−π stacking or geometric
factors.45,46 Using appropriate building blocks, supramolecular
nanoparticles sensitive to light and pH have been formed. For
instance, with a dye that isomerizes upon UV irradiation the
control of the nanoassembly dimensions via irradiation has
been achieved.44,47−50 Particular potential lies in porphyrin−
polyelectrolyte assemblies as novel functional photocatalytic
nanosystems for light conversion.51 Recently, we focused on
the driving factors of the self-assembly since they are the key for
making tailored nanoparticles with desired shape and
dimensions. It has been shown that the delicate balance of
diﬀerent interactions plays a central role. Thermodynamics has
Received: March 22, 2016
Revised: October 14, 2016
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Scheme 1. Self-Assembly and Molecular Building Block Structures

Characterization of the Azo Dyes. Yields were calculated on the
basis of carbon content from elemental analysis. NMR spectra showed
that the product is salt-free except for <1 wt % sodium acetate and a
small amount of ethanol <1 wt % which could not be removed despite
extended drying under high vacuum. The purities given below are
corrected for residual amounts of sodium acetate and ethanol, which
were determined by NMR. Azo dyes are known to possess multiple
molecules of crystal water. Thus, the pure dye contents are below 99%,
which does not indicate impurities.
Ar26: 1H NMR (D2O, 300 MHz, 25 °C), d [ppm]: 7.62 (s, 1H);
7.52−7.40 (m, 2H); 7.38 (s, 1H); 6.53 (d, J = 8.0 Hz, 1H); 5.95 (d, J =
8.1 Hz, 1H); 5.35 (s, 1H); 1.44 (d, J = 7.5 Hz, 6H). Anal. Calcd for
C18H14N2Na2O7S2: C, 45.00. Found: C, 43.16; dye content: 96%.
Ar27: (D2O, 300 MHz, 25 °C), d [ppm]: 8.05 (d, J = 7.8 Hz, 1H);
8.01−7.93 (m, 2H); 7.87 (d, J = 8.4 Hz, 1H); 7.75 (d, J = 8.4 Hz, 1H);
7.68−7.50 (m, 2H); 7.16 (d, J = 7.5 Hz, 1H); 7.11−6.91 (m, 2H).
Anal. Calcd for C20H11N2Na3O10S3: C, 39.74. Found: C, 37.54; dye
content: 94%.
Sample Preparation. Stock solutions were prepared in D2O at the
desired pD (pH in D2O) where the PAMAM dendrimer is fully
deprotonated (pD = 11). pD values were adjusted by adding NaOD or
DCl standard solutions. All pD values were counterchecked by a
freshly calibrated pH electrode according to pD = pH + 0.44.56
Dendrimer stock solution and salt solution at the same pD were
added. Under mixing, the appropriate amount of DCl was added at
once to adjust the pD inducing assembly formation. Final pD is 3.5 for
all the samples. The salt concentration has been varied adding NaCl
before the nanoparticle formation at pD = 11. The ionic strength Is has
been calculated taking into account all the added salt and the added
DCl and NaOD according to the equation

revealed a quantitative relationship of the size of the selfassembled nanoparticles and the free energy of dye−dendrimer
association.52−54 Yet, many questions remain unanswered with
regard to what speciﬁcally controls the self-assembly within the
balance of the interactions. For instance, to what extent the
electrostatic interaction of the building blocks inﬂuences the
nanoparticle morphology is still an open question.
In this study, we investigate the controlling factors in
electrostatic self-assembly focusing on the ionic interactions of
the building blocks. Knowing the behavior of the nanoassemblies at diﬀerent salt concentration has crucial importance
for applications in salty environments as e.g. in drug delivery.
Thus, experiments modifying the ionic strength of the solution
have been performed; this acts on the electrostatic interaction
among the molecular building blocks via the screening of their
charges.
We present the investigation of electrostatically selfassembled nanoparticles formed by polyamidoamine
(PAMAM) dendrimers of generation 4 and oppositely charged
azo dyes. Two dye species with diﬀerent valency and molecular
structure have been used: Ar26 (divalent) and Ar27 (trivalent).
This permits to vary two crucial parameters in the self-assembly
process: the strength of the electrostatic interaction of dye and
dendrimer and of the mutual dye interaction. The molecular
building blocks and the self-assembly process are depicted in
Scheme 1. The eﬀects of the ionic strength on the nanoparticle
stabilization will be related to ζ-potential measurements.
Dynamic light scattering (DLS) and small-angle neutron
scattering (SANS) have been used to study the eﬀects of the
ionic strength on the nanoparticle structure. In addition, the
dye−dye stacking has been investigated by UV−vis spectroscopy.

■

IS =

1
2

∑ cizi 2
n

i=1

(1)

where ci is the molar concentration of ion i, zi is the charge number of
the ion, and the sum is taken over all the ions in solution.
Dynamic and Static Light Scattering. Measurements were
carried out on an ALV CGS 3 goniometer with ALV 5000 correlator
(ALV Germany) equipped with a HeNe laser with a wavelength of λ =
632.8 nm and 20 mW output power. The samples have been prepared
at a dendrimer concentration of 9.3 × 10−6 mol kg−1. Measurements
covered an angular range of 30° ≤ θ ≤ 150°. The measured intensity
autocorrelation function has been converted into the scattered electric
ﬁeld autocorrelation function using the Siegert relation. The electric
ﬁeld autocorrelation functions were further analyzed by regularized

EXPERIMENTAL PART

Chemicals. Poly(amidoamine) (PAMAM) dendrimer of generation 4 was purchased from Dendritech (Midland, MI) and SigmaAldrich (Germany). The azo dyes Acid Red 26 (Ar26, C.I. 16150) and
Acid Red 27 (Ar27, C.I. 16185) were obtained from Acros, Belgium.
All azo dyes were puriﬁed according to the literature.55
B
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I(q) =

inverse Laplace transformation using the program CONTIN by S.
Provencher to obtain the distribution of relaxation times.57,58 From
this, the apparent diﬀusion coeﬃcient was calculated using the relation
Dapp = q−2τ−1. To determine the hydrodynamic radius RH, the apparent
diﬀusion coeﬃcient Dapp is extrapolated to zero scattering angle and
then converted into RH through the Stokes−Einstein relationship.
Static light scattering (SLS) measurements have been performed with
the same instrument to combine the results with the SANS curves to
extend the q-range for the larger nanoparticles. Measured intensities
have been corrected for scattering volume with a toluene standard, and
the solvent intensity has been subtracted from the sample intensity
prior to further analysis.
ζ-Potential. The ζ-potential measurements were carried out on a
Zetasizer Nano ZS analyzer with integrated 4 mW HeNe laser, λ = 633
nm (Malvern Instruments Ltd., U.K.). Samples with dendrimer
concentrations 5.5 × 10−7 mol kg−1 have been prepared. The
electrophoretic mobility has been measured using laser Doppler
anemometry technique after applying an electric ﬁeld across the
sample solution. Considering the ionic strength of the samples, the ζpotential is calculated from the electrophoretic mobility:59,60

μe =

2εζF(κa)
3η

(4)

a = q sin α rmajor 2 sin 2 ψ + rminor 2 cos2 ψ , b = q 2 c cos α , and J1 is
the ﬁrst-order Bessel function.
The scattering length density of the nanoparticles has been
measured at ionic strength IS = 0.004 M, matching the scattering of
the aggregates with the solvent scattering. For Ar26−G4 dendrimer at
IS = 0.004 M, the SLD is ρnanoparticle = 1.82 × 10−6 Å−2. For Ar27−G4
dendrimer the core has ρc = 3.5 × 10−6 Å−2 and the shell ρc = 2.6 ×
10−6 Å−2. Based on the very similar composition of the aggregates at
higher ionic strength, the same SLD has been used for all the
experimental curves. For several cases the instrument resolution has
been taken in account in the ﬁtting process to check its inﬂuence on
the obtained results. The polydispersity has been ﬁxed to 0.3 (based
on DLS and previous results). Comparison of results of ﬁtting diﬀerent
models (as given in the Results section) in all cases lead to the choice
of a best ﬁt with χ2 < 1.0.
Starting parameters for the ﬁt were varied to test for stability. The
results at ionic strength IS = 0.004 M have already been discussed in a
previous study.54 In that study, combining atomic force microscopy
(AFM), light scattering, and SANS, it was found in agreement of
scattering and imaging methods that Ar26 and G4 dendrimer results in
a cylinder with elliptical cross section, while Ar27 and G4 forms core−
shell spheres. As these samples are the starting samples for the
variation of ionic strength herein, the main ﬁts of the curves at higher
ionic strength have been performed starting from the previously
obtained parameters.
UV−Vis Spectroscopy. Absorption spectra were recorded on a
JASCO V-630 spectrometer using quartz cuvettes with 1 cm path
length at dye concentrations of c ≈ 2 × 10−5 mol L−1. The
experimental extinction coeﬃcient has been ﬁtted according to the
relation64−67
L

(2)

⎡
(ν − νJ)2 ⎤
⎥+
εD = εJ exp⎢ − 4 ln 2
⎢⎣
Δυ1/2,J 2 ⎥⎦

sin qrs − qrs cos qrs ⎤
⎥
(qrs)3
⎦

1

⎡

i=0

⎢⎣

∑ εi exp⎢−4 ln 2

(ν − νi)2 ⎤
⎥
Δν1/2, i 2 ⎦⎥
(5)

where εD is the extinction coeﬃcient of the dimer. This separation can
be done because the spectral separation between the H- and J-band is
greater than the vibronic progression. Therefore, the ﬁrst term of the
equation refers to the J-band with εJ as extinction coeﬃcient, νJ as
wavenumber, and Δν1/2,J as half-width of the Gaussian. The second
term represents the H-band extended to two vibronic transitions. The
results can be used to calculate the twist angle between the stacked dye
molecules according to the equation68

β = 2 arctan

fJ
fH

(6)

where f i is the oscillator strength for the ith band calculated by
integration of the respective peak area.

■

RESULTS AND DISCUSSION
In this study, we investigate the eﬀects of the solution ionic
strength on nanoparticles formed by electrostatic self-assembly.
The focus lies on understanding the eﬀects that the solution
environment has on the nanoassembly structure at molecular
and supramolecular scale and on the electrostatic stabilization.
To elucidate the eﬀect of dye valency in this context, two
diﬀerent dyes have been studied in combination with G4
dendrimers: a divalent one (Ar26) and a trivalent one (Ar27).
The ionic strength has been changed adding diﬀerent amounts
of NaCl: from c(NaCl) = 0.01 M to c(NaCl) = 0.05 M. These
values correspond to solution ionic strengths of IS = 0.014 and

sin qrc − qrc cos qrc
ϕ ⎡
⎢3Vc(ρc − ρs )
VNP ⎣
(qrc)3
+ 3Vs(ρs − ρsolv )

∫ dψ ∫ dϕ ∫ p(θ , ϕ , ψ )F 2(q, α , ψ ) sin θ dθ

with the functions F(q,α,ψ) = 2[(J 1 (a)/a))((sin b)/b)],

where με is the electrophoretic mobility, ζ the ζ-potential, η the
solvent viscosity, and F(κa) the Henry function with κ the inverse of
the Debye screening length and a the radius of the nanoparticle. The
Henry function has been calculated at each ionic strength, and it
results F(κa) = 1.3 at IS = 0.004, F(κa) = 1.4 at IS = 0.014, and F(κa) =
1.5 at higher ionic strengths for both the dyes. All measurements were
carried out at room temperature using folded capillary cells (DTS
1060) in three replicate measurements.
Small-Angle Neutron Scattering. Samples for SANS were
prepared at a dendrimer concentration of 3.5 × 10−5 mol kg−1 and
transferred into quartz cells with 2 mm path length. This concentration
is higher as compared to the one used for light scattering and ζpotential samples (around 1 × 10−7 mol kg−1); however, concentration
has almost no eﬀects on the nanoparticle dimensions. SANS studies
were performed on D11 at the Institut Laue-Langevin, Grenoble,
France. A wavelength of 6 Å has been used for three diﬀerent sample−
detector distances: 1.2, 8, and 39 m. The wavelength spread (Δλ/λ)
was 0.09. A total scattering vector range of 0.009 nm−1 < q < 5 nm−1
was investigated. Data were corrected for empty cell scattering,
electronic background and detector uniformity and then converted to
absolute scale using secondary standards. Then, the scattering of the
solvent and the incoherent background have been subtracted from the
data. For larger particles, SLS and SANS data have been combined to
cover a larger q-range.
Structural modeling has been used to obtain the particles shape and
dimensions. The SANS intensity can be described as I(q) =
ϕVNP(ΔρSLD)2P(q), where ϕ is the volume fraction, VNP the
nanoparticle volume, ΔρSLD the diﬀerence in scattering length density
between the nanoparticle and the solvent, and P(q) the nanoparticle
form factor. It describes the nanoparticle shape. Diﬀerent models have
been applied testing the ﬁt goodness calculating the χ2 value, starting
from simple solid spheres and cylinders, etc. Models tested in this
study also include a core−shell sphere, for which the intensity
becomes61,62

I(q) =

ϕ
VNP

2

(3)

where Vs is the volume of the outer shell, Vc the volume of the core, rs
the radius of the shell, rc the radius of the core, ρs the scattering length
density of the shell, ρc the scattering length density SLD of the core,
and ρsolv the scattering length density of the solvent. In the case of
cylinders with elliptical cross section, the scattering intensity is63
C
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dendrimer samples at IS = 0.044 M and IS = 0.054 M precipitate
during the measurements, and hence, RH values represent only
the soluble particles. Overall, the scenario is the same for the
two systems, and valency plays a role only on the details, as for
example the salt concentration at which the samples are not
stable anymore. The size increase is in diﬀerence to what may
be expected considering the thermodynamics of the selfassembly. In our previous studies, it has been shown that the
free energy change of the dye−dendrimer interaction is
composed by one electrostatic contribution and one that arises
from the secondary interaction and that this determines the size
of the assembled particles with large particles resulting from a
large free energy exchange.53 The addition of salt causes the
screening of the electrostatic interaction between the building
blocks reducing the free energy change. Hence, a decrease in
size should be expected upon salt addition. The observed size
increase can be explained considering that the added salt is
aﬀecting not only the dye−dendrimer electrostatic interaction
but also the nanoparticle stabilization. Thereby, the electrostatic
interaction of the nanoparticles has been analyzed in the
framework of the DLVO theory (Derjaguin−Landau−Verwey−
Overbeek).69,70 This theory describes the forces between
charged particles through a liquid medium. For two identical
particles, the interaction is composed of attractive Hamaker
interaction and screened electrostatic Yukawa repulsion. The
latter is due to the formation of an ion cloud around charged
molecules in solution. When two like-charged particles come
close to each other, the electrostatic forces lead to repulsion
contrasted by the attractive part of the potential. The addition
of salt does not signiﬁcantly aﬀect the attractive force, while it
screens the repulsion lowering the energy barrier against
aggregation.71 Here, this results in the formation of larger
nanoparticles. In addition, the DLVO theory predicts the
existence of a critical salt concentration at which interparticle
repulsion is at its minimum and there is no more energy barrier
against aggregation, resulting in nanoparticle precipitation.71,72
In the case here, we observe nanoparticle precipitation at the
critical concentration of c(NaCl) = 0.06 M for Ar26 and of
c(NaCl) = 0.04 M for Ar27. Consequently, in the following, the
samples have been prepared at c(NaCl) lower than the critical
concentration. DLVO theory is known to fail in the description
of highly charged systems73,74 or at very low salt concentration.72,75,76 This conditions are not reachable in the system
herein since a certain amount of salt is required to reach pH =
3.5 and form the nanoparticles; hence, only ionic strengths IS ≥
0.004 M have been investigated.
The eﬀects of the dendrimer concentration on the
aggregation behavior have been studied by dynamic light
scattering. Two samples have been investigated: one at the
typical concentration of the SANS samples c = 3.5 × 10−5 mol
kg−1 and one at the typical concentration of light scattering and
ζ-potential experiments c = 1.5 × 10−7 mol kg−1. The ﬁrst
results in a hydrodynamic radius RH = 70 ± 2 nm and the
second in RH = 67 ± 3 nm (Figure 2). Hence, the dendrimer
concentration has no signiﬁcant eﬀects on the nanoparticle
dimensions.
ζ-Potential. The ζ-potential measurements have been
performed to gain insight into the nature of the nanoparticle
stabilization and to quantitatively understand the eﬀects of the
ionic strength. This technique measures the diﬀerence of
electrostatic potential between the solvent and the layer of ﬂuid
attached to the dispersed nanoparticles, and therefore it permits
to almost “directly” investigate the electrostatic interaction. In

IS = 0.054, respectively. This range has been chosen because at
c(NaCl) = 0.06 M the samples are not stable and tends to
precipitate.45 The loading ratio is deﬁned as the molar ratio of
dye sulfonate groups to dendrimer primary amines l =
c(SO3−)/c(NH2). Samples have been prepared at loading
ratio ﬁxed l = 1.8, since at this loading ratio stable nanoparticles
are formed and only the nanoassemblies are present in
solution.54 Nanoparticle stability will be discussed in conjunction with ζ-potential measurements at diﬀerent salt
concentrations. The eﬀects of the ionic strength on nanoparticle structure will be discussed based on DLS and SANS
results. Finally, the eﬀects induced by the ionic strength on the
molecular level of the interactions will be analyzed by UV−vis
spectroscopy.
Dynamic Light Scattering. To study the eﬀects of ionic
strength on the dimensions of the nanoparticles, DLS
measurements have been performed. The electric ﬁeld
autocorrelation function g1(τ) and the relaxation time
distribution A(τ) for Ar26−dendrimer samples at diﬀerent
salt concentrations are given in Figure 1a. Well-deﬁned

Figure 1. Dynamic light scattering data in dependence on added salt:
(a) electric ﬁeld autocorrelation function g1(t) and distribution of
relaxation time A(τ); (b) hydrodynamic radius RH as a function of
ionic strength. Large nanoparticles are formed as the ionic strength
increases.

nanoparticles are formed at each ionic strength. An expressed
shift of the relaxation time to longer times is observed as the
salt concentration increases. This shows an increase of the
nanoparticle size as can be seen in Figure 1b where the
corresponding hydrodynamic radii RH for Ar26−dendrimer and
Ar27−dendrimer are plotted as a function of salt concentration.
In both cases, RH increases as the ionic strength increases. In
particular, for the Ar26−dendrimer samples, RH continuously
increases from RH = 59 ± 1 nm to RH = 210 ± 30 nm, while for
Ar27−dendrimer it reaches a limit of 180 nm for IS = 0.034 M
and remains constant at higher salt concentrations. The Ar27−
D
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addition, two interconnected phenomena take place: the
screening of the electrostatic repulsion as predicted by the
DLVO theory and the increase in nanoparticle size as seen by
DLS. The latter corresponds to an increase of the number of
dendrimer molecules interconnected in the nanoassemblies and
therefore to an increase of the nanoparticle charge. At this
loading ratio, all the dyes are bound to the dendrimers.44
Binding is slightly understoichiometric so that assemblies have
a positive charge. Each dendrimer brings positive excess charge
so that more interconnected dendrimers result in a higher
positive charge of the supramolecular assemblies. For low salt
concentration, this eﬀect overcomes the electrostatic screening
resulting in an increase of the ζ-potential. As the salt
concentration increases, the screening dominates and therefore
the ζ-potential decreases. The balance of the two phenomena
depends on the dye valency: for Ar27 the ζ-potential starts to
decrease (i.e., electrostatic screening overcoming charge
increase) at lower salt concentration as compared to Ar26.
The ζ-potential results can be combined with DLS results,
and RH can be used to estimate the eﬀective charge Qeff and the
eﬀective surface charge density σeff of the nanoparticles
according to50,77

Figure 2. Dynamic light scattering data in dependence on dendrimer
concentration: electric ﬁeld autocorrelation function g1(τ) and
distribution of relaxation time A(τ).

addition, in the case of an electrostatically stabilized nanoassembly, the ζ-potential may be correlated to the nanoparticle
stability.
Results for the two dye−dendrimer systems in dependence
on ionic strength are reported in Figure 3. The two systems

Q eff = 4πεζR eff ≈ 4πεζRH
σeff =

Q eff
4πR eff

2

=

εζ
εζ
≈
R eff
RH

(8)

(9)

The results are given in Figure 4. For Ar26, the eﬀective charge
Qeff (Figure 4a) increases continuously as the salt concentration
Figure 3. ζ-potential for diﬀerent dye−dendrimer systems at l = 1.8.

show corresponding behavior: at ﬁrst, the ζ-potential increases
as the ionic strength increases, and then, at higher ionic
strength it decreases. It is worth noting that the fact that the
loading ratio is constant implies that the number of dye charges
per dendrimer is the same for the two systems. Yet, the ionic
strength at which the ζ-potential starts to decrease depends on
the dye valency. In the case of Ar26 the change takes place at IS
= 0.034 M, while for Ar27 it occurs at IS = 0.014 M.
To better understand the phenomenon, the ionic strength
can be converted into the Debye screening length:

κ −1 =

εrε0kBT
2NAe 2IS

(7)

where ε0 is the electric constant, εr is the dielectric constant, kB
the Boltzmann constant, T the absolute temperature, e the
elementary charge, and NA the Avogadro number. The Debye
length represents how far the electrostatic eﬀects persist or, in
other words, the size of the counterion cloud. For the Ar26−
dendrimer samples, the ζ-potential starts to decrease when the
Debye screening length is 1.76 nm (corresponding to IS = 0.034
M), while for the Ar27−dendrimer system, this happens already
at 2.57 nm (corresponding to IS = 0.014 M). This is related to
the fact that Ar27−dendrimer assemblies precipitate at lower
ionic strength (IS = 0.044 M) as compared to Ar26−dendrimer
(IS = 0.064 M) and shows that the nanoparticles are less stable
at higher ionic strength.
The ζ-potential behavior as a function of the ionic strength in
the two systems can be understood considering it together with
the light scattering results and the DLVO theory. Upon salt

Figure 4. (a) Eﬀective charge as a function of the solution ionic
strength. (b) Eﬀective surface charge density as a function of the ionic
strength for Ar26−dendrimer and A27−dendrimer assemblies.

increases, while the eﬀective surface charge density σeff (Figure
4b) decreases to σeff = 0.2 mC m−2 at c(NaCl) = 0.05 M. The
same behavior is found for Ar27. The results are in good
agreement with the proposed model. In particular, Qeff perfectly
shows the constant increase in nanoparticle charge due to the
increase in size. In the case of Ar27 the eﬀective charge Qeff
increases faster than for Ar26. In contrast, σeff decreases with
E
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Scheme 2. Representation of the Nanoparticle Dimensions, the Debye Screening Length (Black Circles and Black Lines), the
Distance between the Nanoparticles (Black Lines), and the Yukawa Screening Length (Distance at Which the Screened
Potential Reaches uel(r) = 0.01 V) (Red Circle and Red Lines) at Diﬀerent Ionic Strengths for the Two Dye−Dendrimer
Systems

the ionic strength due to the increased screening, not fully
compensated by the increase in nanoparticle charge.
The nanoparticle stabilization can be further understood
considering the interparticle distance dN. This can be calculated
based on the hydrodynamic radius RH of the nanoassemblies
knowing the volume of one dendrimer molecule, the number of
dendrimers in solution, and thus the aggregation number. The
latter varies between 7600 dendrimers per particle at IS = 0.004
M and 150 000 dendrimers per particle at IS = 0.055 M in the
case of Ar26 and G4. The resulting interparticle distances dN
are represented in Scheme 2. As expected, the interparticle
distance dN shows a signiﬁcant increase when the nanoparticles
are formed (from dN = 50 nm to dN = 970 nm after
nanoparticle formation in the case of Ar26). For the two
systems, the interparticle distance increases as the solution ionic
strength increases. Comparing Ar26 and Ar27, dN is the same at
low ionic strength, while the Ar27 interparticle distance is
almost twice as large as the one for Ar26 at IS = 0.034 M.
Interestingly, the interparticle distance is always signiﬁcantly
larger than the Debye screening length. With this, it is possible
to calculate the screened electrostatic potential between the two
nanoparticles according to the equation69
Q 2 e−κ(r − 2RH)
uel(r ) = eff
ε r(1 + κRH)2

for r > RH

Figure 5. Screened electrostatic potential for Ar26 and G4 at diﬀerent
solution ionic strengths.

(10)

charge almost do not vary while the Debye length decreases
resulting in a more short-ranged potential. At high ionic stength
the size of the nanoparticles and thereby the eﬀective charge
increases, resulting in a longer-ranged potential. It is worth
noting that the length at which the electrostatic potential is
“completely” screened is always signiﬁcantly smaller than the
interparticle distance dN.
Hence, we have demonstrated how increasing the ionic
strength of the solution increases the ζ-potential for low salt
concentration and decreases it at high salt concentration. This
behavior can be described applying the DLVO theory and in
particular considering two interconnected phenomena: the
electrostatic screening of the nanoparticle charge and the
increase of the nanoparticle charge due to the increasing size.

For Ar26, the resulting potentials are depicted in Figure 5.
To evaluate the eﬀects of the screened Coulomb interaction,
the distance at which the potential reaches the values of uel =
0.01 V is also indicated for each ionic strength. For IS = 0.004
M this distance is 135 nm. As the ionic strength increases to IS
= 0.0014 M, the electrostatic potential becomes more shortranged and it becomes 0.01 V at 100 nm. As the ionic strength
further increases, the potential becomes more long-ranged: 0.01
V is reached at 150 nm for IS = 0.034 M and at 236 nm for IS =
0.054 M. The decrease and subsequent increase of the Yukawa
potential range with the ionic strength takes place because the
screened electrostatic potential depends on the nanoparticle
eﬀective charge. At low ionic strenght the size and the eﬀective
F
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The eﬀective charge Qeff increases as the ionic strength
increases, while the eﬀective surface charge density σeff
decreases. Despite the overall process being the same for the
two dyes, valency has a crucial role on the balance of screening
and charge increase. For the divalent dye Ar26 the screening
overcomes the charge increase at IS = 0.034 M, while for Ar27
the turning point is at IS = 0.014 M.
Small-Angle Neutron Scattering and Static Light
Scattering. To understand whether and how the ionic
strength acts on the nanoparticle structure and in particular
on the shape, SLS and SANS measurements have been
performed. Figure 6a shows the results for Ar26−dendrimer

Figure 7. SLS-SANS: comparison of ﬁts. (a) Ar26−dendrimer with l =
1.8 at c(NaCl) = 0.03 M; it is evident that the best ﬁt is obtained for
the cylinder with elliptical cross-section model. Fit goodness: χ2
(elliptical cylinder) = 0.9 and χ2 (ellipsoid) = 4.2. (b) Ar26−
dendrimer with l = 1.8 at c(NaCl) = 0.03 M; lines represent the best
ﬁts obtained with diﬀerent lengths (χ2(480) = 0.7, χ2(580) = 2.0, and
χ2(380) = 3.6).

nanoparticle dimensions. This ﬁnding is in accordance with the
dynamic light scattering results. When the ionic strength is IS =
0.034 M, Ar26 and dendrimer aggregate again in cylinders with
elliptical cross section. The length increases to l = 480 ± 20 nm,
and the axes almost double: the major axis becomes rmaj = 94 ±
4 nm and the minor one rmin = 24 ± 1 nm. (Figure 7b shows an
enlargement of the low q-part displaying the length
determination through the structural ﬁt.) Interestingly, the
aspect ratio remains unchanged at approximately 4. When the
ionic strength increases to IS = 0.044 M, the nanoparticle shape
again remains unchanged and the aspect ratio increases: the
length increases to l = 550 ± 50 nm, while the cross section
remains constant. Hence, SLS-SANS conﬁrms the increase in
size upon increasing the ionic strength, as already observed with
DLS. In addition, it shows that the ionic strength has no eﬀects
on the general nanoparticle shape for Ar26−dendrimer
assemblies. A similar behavior has been observed for the
assemblies formed by Ar27 (Figure 6b). When no added salt is
present in solution, the system aggregates forming core−shell
spheres with a total radius Rtot = 44 ± 3 nm and a core radius
Rcore = 13 ± 1 nm. As the salt concentration increases, the SLSSANS curves shift toward lower q-values as for Ar26. However,
in the case of Ar27, at IS = 0.034 M the system again forms
core−shell spheres with a total radius of Rtot = 60 ± 3 nm and
an inner core of Rcore = 30 ± 1 nm. It is worth noting that the
increase takes place only in the inner core, while the shell radius
remains constant around 30 nm. For Ar27, samples are not
stable at ionic strength higher than IS = 0.034 M. It is therefore
clear that the ionic strength has no eﬀect on the overall
nanoparticle shape, independent of the dye valency. As
observed with light scattering, the nanoassemblies become
larger as the ionic strength increases. The ionic strength at
which precipitation occurs strongly depends on the dye
valency: divalent dyes form stable nanoparticle up to higher

Figure 6. SLS-SANS: (a) Ar26−dendrimer with l = 1.8 at diﬀerent salt
concentrations and (b) Ar27−dendrimer with l = 1.8 at diﬀerent salt
concentrations; lines represent the best ﬁts.

assemblies. At ﬁrst, considering the case where no added salt is
present in solution, the low q signal of the SANS curve clearly
indicates the presence of large nanoscale aggregates in solution.
From the leveling oﬀ of the I(qmin), a total dimension around at
least 300 nm for the nanoparticles can be estimated. To
characterize the nanoassemblies, the experimental curve has
been ﬁtted using structural models. Results are given in Figure
6. The experimental curves at higher ionic strength IS ﬁrst have
been ﬁtted with the same model used to describe the scattering
of the IS = 0.004 M samples. Diﬀerent models have been tested
in particular for the system forming elongated nanoparticles
(Ar26/G4). For example, the form factor of ellipsoids has been
tried for Ar26/G4 at ionic strength IS = 0.034 M; however, the
agreement with the experimental data (χ2 = 4.0) is not as good
as for the cylinder with elliptical cross-section form factor (χ2 =
0.9, Figure 7a). To extend the investigated q range, the SANS
data have been combined with static light scattering measurements. Despite the diﬀerence in concentration, the light
scattering data perfectly extend the SANS curve permitting to
measure the length of the cylindrical aggregate.
In the case of Ar26 and no added salt, SANS reveals cylinders
with elliptical cross section. The cylinder length is l = 300 ± 10
nm, the major axis rmaj = 44 ± 4 nm, and the minor one rmin =
11 ± 1 nm. When salt is added, the SANS curve characteristics
clearly shift to lower q-values: this indicates a change to larger
G
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Figure 8. UV−vis spectra at diﬀerent salt concentrations for (a) Ar26−dendrimer and (b) Ar27−dendrimer. Exciton theory applied to Ar26−
dendrimer at (c) c(NaCl) = 0.03 and (d) to Ar27−dendrimer at c(NaCl) = 0.04.

salt concentrations as compared to trivalent ones. This can be
due to a diﬀerence in the interparticle interaction strength in
the two dye−dendrimer systems.
UV−Vis Spectroscopy. UV−vis spectroscopy has been
used to directly investigate the eﬀects of salt on the molecular
scale of the association. The resulting spectra are given in
Figure 8. When dendrimers and dyes form nanoassemblies due
to ionic interactions, a change in the UV−vis spectra is
observed. This is caused by the mutual interaction of the dye
molecules induced by their spatial proximity.43,45,78,79 The dye
molecules can mutually interact forming π-stacked structures
resulting in the splitting of the ﬁrst excited state of the
monomer.80 This phenomenon is described by exciton theory,
which can be used to characterize the geometry of the dye
stacking.64−67 In particular, it provides an important geometric
parameter: the twist angle between the stacked dye molecules
β.68 This parameter is of key importance to understand how the
dye molecules arrange when the nanoparticles are formed and
how the salt concentration acts on the dye arrangement. UV−
vis spectra are given in Figure 8a,b. Ar26 and Ar27 combined
with dendrimers have similar solvatochromism: the peaks shift
to higher wavelengths as the ionic strength increases. This is the
well-known bathochromic shift induced by the increasing
solvent ionic strength due to a diﬀerence in dipole moment
between the ground and excited state of the dye molecule.81−84
In particular, a bathochromic increase upon solvent polarity is
observed for weakly polar molecules with low polarity in the
ground state and increased polarity in the excited state.85
In Figure 8c,d, examples of ﬁts obtained applying the exciton
theory are given. The resulting twist angles at diﬀerent salt
concentrations for the two systems are reported in Figure 9.
For Ar26−dendrimer assemblies the twist angle remains
constant around β = 57° lying between β = 55 ± 1° and β =
60 ± 1°. A similar behavior is observed for Ar27−dendrimer
assemblies, for which the twist angle is constant around β = 35°
(between β = 31 ± 1° and β = 38 ± 1°). Therefore, the solvent
ionic strength modiﬁes the UV−vis spectra inducing a
bathochromic shift, but this does not aﬀect the dye−dye

Figure 9. Twist angle β of dyes stacking within dye−dendrimer
assemblies at diﬀerent salt concentrations.

interaction. In both cases, the twist angle, i.e., the dye
arrangement in the nanoparticle, remains constant as the
ionic strength increases. These molecular scale association
results are directly related to the SANS nanoscale results: as the
ionic strength increases, the nanoparticle shape remains
constant while their dimension increases, and this is
accompanied by an unchanged dye stacking.
General Discussion. To clarify the results, the thermodynamics of the self-assembly must be considered. In particular,
the free energy change in the process can be written as53
ΔGdye−den = ΔGelectr + ΔGsec

(11)

The ﬁrst term describes the electrostatic interaction and
therefore depends on the ionic strength, while the second term
summarizes the secondary interactions, which here are the
dye−dye interactions. Hence, it is not electrostatic and can be
independent of the ionic strength as conﬁrmed by the UV−vis
measurements. It can be concluded that the electrostatic
interaction controls the nanoparticle size, while the secondary
interaction, and speciﬁcally the π−π interaction, controls the
nanoparticle shape. This is in good agreement with our recent
results where it has been shown that the shape of nanoparticles
composed by G4 dendrimers and diﬀerent azo dyes at pH = 3.5
H
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and l = 1.8 is controlled only by the strength of the π−π
interaction.54
At this point, a qualitative analysis of the ﬁrst term is of
interest: as the ionic strength increases, the electrostatic part of
the dye−dendrimer interaction should decrease resulting in a
smaller ΔGelectr. Previous results at constant ionic strength for
similar systems revealed that the aggregation number and thus
the nanoparticle size are strongly related to the ΔGelectr and in
particular that a lower ΔGelectr results in smaller nanoparticles.
Consequently, a decrease in size with increasing ionic strength
might be expected. Yet, larger nanoparticles are formed. This is
because the increased ionic strength does not only aﬀect the
dye−dendrimer interaction and nanoparticle formation but also
the inter-nanoparticle interaction and their stabilization. The
screening eﬀect in the second process causes the observed
increase in particle size.

Funding

CONCLUSIONS
The eﬀects of solvent ionic strength on electrostatically selfassembled nanoparticles made of cationic dendrimers and
oppositely charged azo dyes were elucidated. The nanoparticle
size increases as the ionic strength increases; this is in diﬀerence
to the expected decrease in size due to the lowering of the
electrostatic interaction of the building blocks. DLVO theory
has been used to describe nanoparticle stabilization and the size
trend as the ionic strength increases. The screened electrostatic
potential causes the decrease of the nanoparticle repulsion,
resulting in larger assemblies. This causes the increase of the
nanoparticle charge and hence nanoparticle stabilization. The
interplay of the two interconnected phenomena regulates the
nanoparticle size and hence can be used to tune the
nanoassembly size. In diﬀerence, the shape of the nanoparticles
and the dye stacking do not depend on the ionic strength. This
is understood considering the thermodynamics of the selfassembly: the free energy gain of the process can be divided
into one electrostatic term arising from the dye−dendrimer
interaction and one describing the π−π interaction of the dye
molecules. The second term is independent of the ionic
strength. Hence, the electrostatic interaction controls the
nanoparticle dimensions though the control of the stabilization
process, while the π−π interaction encodes the nanoparticle
shape.
The understanding of the interplay of the diﬀerent
interactions in ionic association of molecules under secondary
interactions has speciﬁc importance in material science. For
example, it allows for the control of the nanoparticle dimension
without inducing changes of their shape, which is of crucial
importance for the applications of electrostatic self-assembly in
diﬀerent ionic strength environment for example in the ﬁeld of
gravimetric nanosensors. In drug delivery one can take
advantage of a certain nanoparticle shape and size selectively
realized in one type of cells with a certain pH such as tumor
cells. Additionally, the ionic strength can be used to form
targeted nanoparticles simply combining cationic dendrimers
and oppositely charged azo dyes at the added salt concentration
of choice.
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Schubert, R.; Frömsdorf, A.; Weller, H.; Förster, S. Micelle and vesicle
formation of amphiphilic nanoparticles. Angew. Chem., Int. Ed. 2009,
48, 2752.
(8) Xu, Y.; Bolisetty, S.; Ballauff, M.; Müller, A. H. E. Switching the
Morphologies of Cylindrical Polycation Brushes by Ionic and
Supramolecular Inclusion Complexes. J. Am. Chem. Soc. 2009, 131,
1640−1641.
(9) Yan, M.; Fresnais, J.; Berret, J.-F. Growth mechanism of
nanostructured superparamagnetic rods obtained by electrostatic coassembly. Soft Matter 2010, 6, 1997−2005.
(10) Bayer, F. M.; Hiltrop, K.; Huber, K. Hydrogen-Bond-Induced
Heteroassembly in Binary Colloidal Systems. Langmuir 2010, 26,
13815−13822.
(11) Srivastava, S.; Santos, A.; Critchley, K.; Kim, K.-S.; Podsiadlo, P.;
Sun, K.; Lee, J.; Xu, C.; Lilly, G. D.; Glotzer, S. C.; Kotov, N. A. Lightcontrolled self-assembly of semiconductor nanoparticles into twisted
ribbons. Science 2010, 327, 1355.
(12) Stuart, M. A. C.; Huck, W. T. S.; Genzer, J.; Muller, M.; Ober,
C.; Stamm, M.; Sukhorukov, G. B.; Szleifer, I.; Tsukruk, V. V.; Urban,
M.; Winnik, F.; Zauscher, S.; Luzinov, I.; Minko, S. Emerging
applications of stimuli-responsive polymer materials. Nat. Mater. 2010,
9, 101−113.
(13) Cao, B.-R.; Xu, H.; Mao, C.-B. Controlled Self-Assembly of
Rodlike Bacterial Pili Particles into Ordered Lattices. Angew. Chem.,
Int. Ed. 2011, 50, 6264−6268.
(14) Boehm, I.; Isenbuegel, K.; Ritter, H.; Branscheid, R.; Kolb, U.
Fluorescent Nanowires Self-Assembled through Host-Guest Interactions in Modified Calcein. Angew. Chem., Int. Ed. 2011, 50, 7407−
7409.

This work was funded by German Science Foundation (DFG),
the Interdisciplinary Center for Molecular Materials (ICMM),
and Institut Laue-Langevin (ILL).
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
This work beneﬁtted from SasView software, originally
developed by the DANSE project under NSF award DMR0520547. The Institut Laue-Langevin (ILL), France, and the
Laboratoire Leon Brillouin (LLB), France, are gratefully
acknowledged for the beam time. The support of the
Partnership for Soft Condensed Matter (PSCM) is gratefully
acknowledged.

■

■

■

AUTHOR INFORMATION

Corresponding Author

*E-mail franziska.groehn@fau.de.
I

REFERENCES

DOI: 10.1021/acs.macromol.6b00565
Macromolecules XXXX, XXX, XXX−XXX

Article

Macromolecules
(15) Yeh, Y.-C.; Tang, R.; Mout, R.; Jeong, Y.; Rotello, V. M.
Fabrication of Multiresponsive Bioactive Nanocapsules through
Orthogonal Self-Assembly. Angew. Chem., Int. Ed. 2014, 53, 5137−
5141.
(16) White, R. J.; Tauer, K.; Antonietti, M.; Titirici, M.-M. Functional
Hollow Carbon Nanospheres by Latex Templating. J. Am. Chem. Soc.
2010, 132, 17360−17363.
(17) Chang, M.; Yang, C.-S.; Huang, D.-M. Aptamer-Conjugated
DNA Icosahedral Nanoparticles As a Carrier of Doxorubicin for
Cancer Therapy. ACS Nano 2011, 5, 6156−6163.
(18) Guo, Y.; Zhao, Y.; Han, M.; Zhao, J.; Hao, C.; Wang, X.; Wang,
X. A codendrimer of PAMAM decorated with oligoethylene glycol
dendrons: synthesis, self-assembly, and application as a drug carrier.
Soft Matter 2013, 9, 10306−10313.
(19) Geng, Y.; Dalhaimer, P.; Cai, S.; Tsai, R.; Tewari, M.; Minko, T.;
Discher, D. E. Shape effects of filaments versus spherical particles in
flow and drug delivery. Nat. Nanotechnol. 2007, 2, 249−255.
(20) Petros, R. A.; DeSimone, J. M. Strategies in the design of
nanoparticles for therapeutic applications. Nat. Rev. Drug Discovery
2010, 9, 615−627.
(21) Popovic, Z.; Liu, W.; Chauhan, V. P.; Lee, J.; Wong, C.; Greytak,
A. B.; Insin, N.; Nocera, D. G.; Fukumura, D.; Jain, R. K.; Bawendi, M.
G. A nanoparticle size series for in vivo fluorescence imaging. Angew.
Chem. 2010, 122, 8831−8834.
(22) Antonietti, M.; Maskos, M. Fine-Tuning of Phase Structures and
Thermoplasticity of Polyelectrolyte-Surfactant Complexes: Copolymers of Ionic Monomers with N-Alkylacrylamides. Macromolecules
1996, 29, 4199−4205.
(23) Hoogeveen, N. G.; Cohen Stuart, M. A.; Fleer, G. J. Formation
and Stability of Multilayers of Polyelectrolytes. Langmuir 1996, 12,
3675−3681.
(24) Ober, C. K.; Wegner, G. Polyelectrolyte-Surfactant Complexes
in the Solid State: Facile building blocks for self-organizing materials.
Adv. Mater. 1997, 9, 17−31.
(25) Decher, G. Fuzzy Nanoassemblies: Toward Layered Polymeric
Multicomposites. Science 1997, 277, 1232−1237.
(26) Thünemann, A. F.; Beyermann, J. Immobilization of Retinoic
Acid by Polyamino Acids: Lamellar-Structured Nanoparticles. Macromolecules 2000, 33, 6878−6885.
(27) Bertrand, P.; Jonas, A.; Laschewsky, A.; Legras, R. Ultrathin
polymer coatings by complexation of polyelectrolytes at interfaces:
suitable materials, structure and properties. Macromol. Rapid Commun.
2000, 21, 319−348.
(28) Faul, C. F. J.; Antonietti, M. Ionic Self-Assembly: Facile
Synthesis of Supramolecular Materials. Adv. Mater. 2003, 15, 673−683.
(29) Berret, J.-F. Stoichiometry of Electrostatic Complexes
Determined by Light Scattering. Macromolecules 2007, 40, 4260−4266.
(30) Zhang, L.; Yu, K.; Eisenberg, A. Ion-induced morphological
changes in “crew-cut” aggregates of amphiphilic block copolymers.
Science 1996, 272, 1777−1779.
(31) Shen, H.; Zhang, L.; Eisenberg, A. Multiple pH-Induced
Morphological Changes in Aggregates of Polystyrene-block-poly(4vinylpyridine) in DMF/H2O Mixtures. J. Am. Chem. Soc. 1999, 121,
2728−2740.
(32) Guenoun, P.; Delsanti, M.; Gazeau, D.; Mays, J. W.; Cook, D.
C.; Tirrell, M.; Auvray, L. Structural properties of charged diblock
copolymer solutions. Eur. Phys. J. B 1998, 1, 77−86.
(33) Förster, S.; Hermsdorf, N.; Leube, W.; Schnablegger, H.;
Regenbrecht, M.; Akari, S.; Lindner, P.; Böttcher, C. Fusion of
Charged Block Copolymer Micelles into Toroid Networks. J. Phys.
Chem. B 1999, 103, 6657−6668.
(34) Harada, A.; Kataoka, K. On−Off Control of Enzymatic Activity
Synchronizing with Reversible Formation of Supramolecular Assembly
from Enzyme and Charged Block Copolymers. J. Am. Chem. Soc. 1999,
121, 9241−9242.
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In this study, we describe a light-triggered shape change of
supramolecular nanostructures. Well-defined nano-objects form
by electrostatically self-assembly of linear polyelectrolytes and
oppositely charged dyes in aqueous solution; for example, 1 µmlong supramolecular flexible cylinders with a well-defined crosssection of 10 nm. Upon UV-irradiation, the shape of the
nanoparticles changes into ellipsoids of 400 nm by 40 nm. The
effects of building block chemistry and ratio are discussed,
showing that the nano-object shape is encoded by the molecular
dye structure. Photo-switchable nanoparticle properties bear
great potential for medicine and nanotechnology
In this study, we report on how the shape of ionic
supramolecular nano-objects in solution can be switched by
light: a tremendous shape change, for example from flexible
microfibers with nanoscale diameter to compact ellipsoidal
particles, occurs in a system consisting of linear cationic
polyelectrolytes and a multivalent anionic isomerizable dye.
Self-organizing building blocks into supramolecular structures
has become of high interest due to the potential for designing
1-7
a variety of architectures and functions. In particular, the
possibility to prepare structures that can respond to external
triggers is of great relevance. Here, light is especially promising
8-10
as an effective and tunable non-invasive stimulus.
In the
field of nanosensors, exceptional potential lies in systems
where the nanoparticle shape can be controlled since, for
11
example, the optical properties can be triggered, and living
12-14
cells are sensitive to nanoparticle shape.
Ionic nanoparticles with light-tunable size recently have been
15-17
created by electrostatic self-assembly.
Multivalent organic

dyes serve as counterions interconnecting macroions such as
ionic dendrimers under secondary for-ces like mutual p-p
18-21
interaction.
The concept is based on a general combination
7,22
of interactions rather than on specific binding motifs.
Nanoparticles with light-tunable size have been formed with
the charged photo-isomerizable dye Acid Yellow 38 in
15,16
combination with an oppositely charged dendrimer.
This is
opposed to the photoswitchable supramolecular dye-hydrogel
composites that respond to light with global contraction or
expansion due to a change in hydrophobicity or to
azobenzene-bearing polyetheramine particles that change
their size and shape due to differences in packing of the cis23,24
and trans-isomers.
While the effect of light on the
nanoparticle size has been recently established, the question
of whether light can be used to trigger the nanoassembly
shape has remained a challenge so far. Shape responsivity is
highly desirable for nanotechnology and pharmacy, especially
when realized in aqueous solution. Simple linear
polyelectrolytes would be highly suitable building blocks as
they are readily available. Linear polyelectrolytes have been
used to form assemblies according to this concept of
electrostatic self-assembly, up to now only with
25
spherosymmetric shape though.
Herein, for the first time, a shape transition upon irradiation is
found for electrostatically self-assembled nanoparticles.
Moreover, defined and tunable nanoparticle shapes are shown
to emerge from linear flexible polyelectrolytes and ionic dyes
in solution. Self-assembly and molecular building blocks are
sketched in Scheme 1.

Scheme 1. Representation of the self-assembly process and of the azo dyes and linear polyelectrolytes.

Linear polyelectrolytes have been used in combination with
three azo dyes differing in valency and light responsiveness.
First, nanoparticle formation of poly(diallyldimethylammonium chloride) (PDADMAC) combined with the
divalent Acid Red 26 (Ar26) and with the trivalent Acid Red
27 (Ar27) is investigated by light scattering and small-angle
neutron scattering (SANS). The results are given in Figure 1.
The charge ratio lc is the molar ratio of dye sulfonate groups
to the quaternary ammonium groups of the polyelectrolyte:
–
+
lc = c(RSO3 )/c(NR4 ). Values below unity correspond to an
excess of cationic macroion charges. The system forms
nanoparticles with a narrow size distribution. Ar26 and
PDADMAC yield assemblies with a hydrodynamic radius of
RH = (260 ± 20) nm; that is, multiple polymer molecules (RH
= (14 ± 0.5) nm) become interconnected by dye molecules
into well-defined supramolecular particles (Figure 1a). SANS
reveals the nanoparticle shape (Figure 1b). Ar26 and
PDADMAC form core-shell ellipsoids with a major axis
Rmaj = (130 ± 10) nm and minor axis Rmin = (15 ± 1) nm. The
inner core has a major axis of rmaj = (90 ± 10) nm and minor
axis of rmin = (10 ± 2) nm (red sketch). In contrast, Ar27
forms core-shell cylinders with length L = (700 ± 50) nm,
inner radius Rc = (6 ± 1) nm and total radius Rt = (16 ± 1) nm
(blue sketch). Samples with different lc show that the
loading ratio has no effect on nanoparticle shape. Hence,
the association of linear polyelectrolytes with multivalent
ionic dyes results in well-defined nanoparticles,

Figure 1. Scattering analysis of dye-linear polyelectrolyte assemblies: a)
Dynamic light scattering 1 of Ar26-PDADMAC at lc = 0.5, electric field
autocorrelation function g (τ) and distribution of relaxation time A(τ): welldefined particles result; b) SANS for Ar26-PDADMAC and Ar27-PDADMAC at
lc = 0.5: different dyes cause different supramolecular nanoparticle shapes.‡

the shape of which is encoded in the molecular counterion
structure. On the molecular scale, binding of dyes to
polyelectrolytes due to electrostatic interaction induces
spatial proximity in the dye molecules, which then can
26-28
mutually interact, forming π-stacks.
This can be
elucidated by UV-Vis spectroscopy: p-stacking results in the
20,29-33
splitting of the first excited state of the monomer.
The spectra of the dyes and dye-polyelectrolyte assemblies
are given in Figure 2. The charge ratio is varied to
investigate its role on the self-assembly.
For Ar26 and PDADMAC, when 1.0 < lc < 0.7, the left
shoulder in the spectra (representing J-stacks) decreases,
§
while the central peak remains almost constant. For a
charge ratio lc < 0.7, the spectra overall remain almost
unchanged. Hence, adding more polyelectrolyte decreases
the amount of J-stacks. For both dyes, the spectrum
obtained for lc = 1.0 differs from the other ones. At this
charge ratio, nanoparticles are stable only for a limited
time, as can also be observed by eye. This is consistent with
an electrostatic stabilization of the particles that requires
excess charge. To confirm this, the ζ-potential has been
studied. Ar26-PDADMAC shows a higher positive ζpotential (47 ± 1) mV in comparison to Ar27-PDADMAC
(43 ± 1) mV. The positive value of the ζ-potential
demonstrates that the nanoparticles are stabilized by an
excess of polyelectrolyte charges. Moreover, the divalent
dyes result in slightly higher-charged nanoparticles.
Fitting the UV spectra, the twist angles β of the stacked dye
molecules lie between 40° and 55° (see SI for details). These
values strongly depend on the dye’s molecular structure:
for Ar26-PDADMAC, the twist angle remains at β = 45° as
the charge ratio changes, while for Ar27-PDADMAC, the
angle decreases with decreasing charge ratio from β = 51°
at lc = 0.7 to b = 41° at lc = 0.5. Hence, dyes with different
molecular structures stack with different twist angles.
Therefore, we have demonstrated that the linear
polyelectrolyte PDADMAC and anionic dyes form welldefined nanoparticles; in particular, the nanoassembly
shape is encoded by the dye’s molecular structure.

Figure 2. UV-Vis analysis of dye-linear polyelectrolyte assemblies at different
charge ratio: a) Ar26-PDADMAC as solid lines and b) Ar27-PDADMAC as
dashed lines.

Given that the shape crucially depends on the molecular
structure of the dye counterion, it is highly promising to
investigate whether light-switchable structures can be
formed with a light-responsive dye as a connecting
counterion. The dye Ay38 trans-cis isomerizes upon
irradiation with UV light. SANS before and after irradiation
is shown in Figure 3. It reveals a shape transition: before
irradiation, Ay38-PDADMAC forms flexible cylinders with
elliptical cross-sections; after irradiation, the system
exhibits core-shell ellipsoids. The flexible cylinder is longer
than 1 µm, and the cross-section has a major axis Rmaj = (14
± 1) nm and a minor axis Rmin = (5 ± 2) nm. The ellipsoid
formed upon irradiation has a major axis Rmaj = (200 ± 20)
nm and a minor axis Rmin = (20 ± 1) nm; the inner core has
§§
rmaj = (60 ± 5) nm and rmin = (10 ± 1) nm. To our
knowledge, this is the first time that shape changes induced
by light have been observed for electrostatically selfassembled nanoparticles. Assemblies that can convert light
energy into “mechanical” energy are extremely promising
for applications including medicine and nanotechnology. In
addition, the particles are based on commonly available
linear polyelectrolytes in combination with commercial azo
dyes. To check the generality of the concept and gain more
understanding, an aromatic polyelectrolyte is investigated:
Poly(N-methyl-4-vinylpyridinium nitrate) (QPVP) with a
molecular weight similar to that of PDADMAC. For Ar26 and
QPVP, light scattering again shows well-defined
nanoparticles that are slightly smaller than the ones formed
with PDADMAC (data see SI). The hydrodynamic radius of
the PVP-Ar26 assembles is RH = (210 ± 20) nm as compared
to RH = (260 ± 20) nm for Ar26-PDADMAC. SANS confirms
that different dye molecular structures yield different
shapes (Figure 4). Ar26-QPVP forms core-shell ellipsoids
with major axis Rmaj = (120 ± 10) nm and minor axis
Rmin = (15 ± 1) nm
with
the
inner
core’s
axes
rmaj = (30 ± 2) nm and rmin = (5 ± 1) nm. In difference, Ar27QPVP forms core-shell cylinders like Ar27-PDADMAC. The
length is L = (370 ± 10) nm and the total

Figure 3. Light switchable nanoparticle shape: SANS for Ay38-PDADMAC
assemblies before and after irradiation (lc = 0.7). Light induces a shape
transition from flexible cylinders with elliptical cross-section to core-shell
ellipsoids.

radius is Rt = (25 ± 2) nm with an inner radius of Rc = (10 ± 1)
nm. Finally, the light-responsive Ay38 is used as a
counterion for QPVP (data see SI). Interestingly, in this case,
irradiation does not induce a shape transition, and the
nanoparticle size remains almost unchanged. This may be
due to the additional π-interaction that can occur between
the aromatic rings of the polymer and the dye, likely
preventing shape changes. To identify possible differences
in dye stacking, UV-Vis spectroscopy has been performed
(spectra see SI). A decrease of J-stacks is again observed for
a charge ratio lc < 1.0, similar to the samples with
PDADMAC. The effect is more expressed for QPVP. The
twist angle is higher for QPVP than for PDADMAC,
indicating that dye stacking also strongly depends on the
linear polyelectrolyte (41° for Ar26-PDADMAC and 52° for
Ar26-QPVP at lc = 0.7).

Conclusions
Stable and well-defined nanoparticles with a strongly lightswitchable structure form with an ionic azo dye and an
oppositely charged polyelectrolyte through ionic and π-π
interaction in aqueous solution. Versatile self-assembly is
possible with a simple linear flexible polyelectrolyte.
Crucially depending on the molecular dye structure, nanoobject shapes range from core-shell ellipsoids over highly
anisotropic cylinders to flexible fiber-like nanostructures
with nano-diameter and micrometer length. The chemistry
of the polyelectrolyte regulates the dye stacking and excess
charge stabilizes the nanoparticles with a specific shape in
solution. Nanoparticles consisting of Ay38 and PDADMAC
exhibit a shape change from a µm-long flexible cylinder to
compact core-shell ellipsoids upon UV-light-irradiation.
Hence, light energy is converted into nanoscale shape
changes. This new route for the conversion of light into
mechanical energy is highly promising for applications in
drug delivery, nanosensors and solar energy conversion.

8

Figure 4. SANS results for A26-QPVP and Ar27-QPVP at lc = 0.5.
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SUPPORTING INFORMATION
Chemicals
Poly(diallyldimethylammonium chloride) (20 wt % in water, Mw = 100,000–
200,000 g mol–1) and poly(4-vinylpyridine) (MW ≈ 60000 g mol-1) were
purchased from Sigma Aldrich and used as received. For PDADMAC the average
molecular mass was determined as Mw = 131,300 g mol–1 by light scattering and a
hydrodynamic radius of Rh = 14 nm was determined. Acid Yellow 38 (Ay38, C.I.
25135, dye content about 40%) was obtained from MP Biomedicals, Santa Ana,
CA. The azo dyes Acid Red 26 (Ar26, C.I. 16150) and Acid Red 27 (Ar27, C.I.
16185) were obtained from Acros, Geel, Belgium. The crude dyes were purified
by precipitation of a boiling aqueous dye solution with saturated sodium acetate
solution followed by repeated recrystallization from ethanol. Purity of the dyes
(>98%) was checked by elemental analysis and 1H NMR.
Synthesis of Poly(N-methyl-4-vinylpyridinium nitrate)
Poly(4-vinylpyridine) (5.0 g, 47.6 mmol) was dissolved in dry methanol (50 mL).
Any suspension or undissolved material was removed by filtration. The clear
solution was brought to reflux in a 100 mL three-neck flask equipped with a
condenser and a dropping funnel. Afterwards methyl iodide (4.5 mL, 10.3 g, 72.0
mmol) was added dropwise to the reaction solution and refluxing was continued
for 12 h. The precipitated product was collected, thoroughly washed with
methanol and dried under vacuum at 40 °C. To remove the yellow-orange color
(pyridinium iodide) a part of the product was redissolved in distilled water to
20% (w/v), 0.15 g of silver nitrate per mL of polymer solution was added to
precipitate iodide ions (replacing them with nitrate) and the solution was
centrifuged with a Sigma 2-16K centrifuge at 14,000 rpm for 20 min. Sodium
chloride was then added to remove excess silver ions by precipitation and
centrifugation. The solution was filtered with a 0.2 µm filter to remove any dust
and lyophilization yielded a white powder of QP4VP. Degree of quaternization
was estimated to 98.8% with 1H NMR. 1H NMR (D2O, 300 MHz, d): 2.09 (s, 3H,
CH, CH2); 4.47 (s, 3H, CH3); 7.60 (s, 2H, ArH3/5); 8.55 (s, 2H, ArH2/6).
Sample Preparation
The samples for light scattering were prepared in MilliQ ultrapure water (> 18.2
ΜΩ cm), while the samples for SANS were prepared in D2O. With respect to the
charge ratio, an amount of polyelectrolyte stock solution was diluted with water.
Afterwards the appropriate amount of dye stock solution was added at once
under turbulent stirring inducing assembly formation.
Sample Irradiation
Samples were irradiated in a Horiba Yvon Jobin Fluoromax spectrometer. The
excitation slit was set to 380 ± 1 nm. Irradiation was carried out for 20 min. It
was checked that longer irradiation times did not influence the results, that is,
the photostationary state was reached.

Light Scattering
Measurements were carried out on an ALV CGS 3 goniometer with ALV 5000
correlator (ALV Germany) equipped with a HeNe laser with a wavelength of λ =
632.8 nm and 20 mW output power. Measurements covered an angular range of
30° ≤ θ ≤ 150°. The instrument performs simultaneously static and dynamic light
scattering measurements. Data analysis was carried out by converting the
measured intensity autocorrelation function into the scattered electric field
autocorrelation function using the Siegert relation. The electric field
autocorrelation functions g1(τ) were further analyzed by regularized inverse
Laplace transformation using the program CONTIN by S. Provencher to obtain
the distribution of relaxation times A(τ). From this, the apparent diffusion
coefficient Dapp was calculated using the relation Dapp = q–2 t-1. To determine the
hydrodynamic radius RH, the apparent diffusion coefficient Dapp is extrapolated to
zero scattering angle and then converted into RH through the Stokes-Einstein
relationship. To extend the SANS spectrum at lower q, the static results have been
used. This approach extends the curves in the q range between 6.8 10–4 and 2.5 10–3
nm–1.
UV-Vis Spectroscopy.
Absorption spectra were recorded on a Shimadzu UV-1800 spectrometer using
quartz cuvettes with 1 cm path length at dye concentrations of c = 2 10–5 mol L–1.
The experimental extinction coefficient has been fitted according to the relation:
ν − ν!
𝜀! = 𝜀! exp −4𝑙𝑛2
!
Δ𝜐!/!,!

!

!

+
!!!

ν − ν! !
𝜀! exp [−4 𝑙𝑛2
]
!
Δν!/!,!

Where εD is the extinction coefficient of the dimer. This approximation is valid
since the spectral separation between the H- and J-band is greater than the
vibronic progression. Therefore the first term of the equation refers to the J-band
with εJ as extinction coefficient, νJ as wavenumber and Δν1/2,J as half-width of the
Gaussian. The second term represents the H-band extended to two vibronic
transitions. From the fits, the twisting angle β can be obtained:
𝛽 = 2 𝑎𝑟𝑐𝑡𝑎𝑛

𝑓!
𝑓!

With fi is the oscillator strength for the i-th band calculated by integration of the
respective peak area.
Small Angle Neutron Scattering
Samples for SANS at a polyelectrolyte concentration of 0.5 g L–1 and transferred
into quartz cells with 2 mm path length. SANS studies were performed on D11 at
the Institut Laue-Langevin, Grenoble, France and on KWS2, at the Jülich Center
for neutron scattering at FRM II, Munich, Germany. On D11 λ = 6 Å was used for 3
different sample-detector distances, 1.2 m, 8 m and 39 m. The wavelength spread

(∆λ/λ) was 0.09. A total scattering vector range of: 0.007 nm–1< q < 5 nm–1 was
investigated. At KWS2, a wavelength of 4.55 Å was used with 3 sample-detector
distances: 2 m, 8 m and 20 m. For some samples a different combination has
been used: 2 m, 4 m and 20 m: the 8 m distance was replaced with 4m to obtain a
very similar scattering vector with a higher neutron flux. In this case a total
scattering vector of 0.035 nm–1< q < 5 nm–1 was covered. Data were corrected for
empty cell scattering, electronic background and detector uniformity and then
converted to absolute scale using secondary standards. Then the scattering of
the solvent and the incoherent background have been subtracted from the data.
The scattering curve I(q) has been, firstly, analyzed by Guinier analysis, where
possible, and by inverse Fourier transformation to obtain the pair distribution
function P(r) through the relationship: I(q) = 4π ∫ P(r) sin(qr) / qr dr. On the
basis of the first results, structural modeling by standard fitting packages such as
SASview has been used to obtain the particles shape and dimensions. For some
samples the instrument resolution has been taken in account in the fitting
process to check its influence on the obtained results.

Figure S1 Dynamic light scattering analysis of PDADMAC and Ay38 at lc = 0.7 before and after irradiation.

Figure S2 Dynamic light scattering analysis of QPVP and Ar26 at lc = 0.4.

Figure S3 Exciton theory applied to Ar26 + QPVP, the three Gaussian used to describe the UV-Vis spectra
are reported.

Table 1 Analysis of Mutual Dye Geometry According to Exciton Theory

Sample
Ar26 + PDADMAC
Ar26 + QPVP
Ar27 + PDADMAC
Ar27 + QPVP

charge ratio lc
0.5
0.7
0.5
0.7
0.5
0.7
0.5
0.7

Twist angle β / °
45 ± 1
45 ± 1
48 ± 1
52 ± 1
51 ± 1
41 ± 1
50 ± 1
44 ± 1

Figure S4 SANS results for Ay38-QPVP before and after irradiation at lc = 0.4. No shape transition is
observed upon irradiation.

Figure S5 UV-Vis analysis of linear dye-polyelectrolyte systems: a) Ar26-QPVP samples at different charge
ratios as solid lines and b) Ar27-QPVP samples as dashed lines at different charge ratios.
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Abstract: Developing effective and versatile photocatalytic systems is of great potential in solar
energy conversion. Here we investigate the formation of supramolecular catalysts by electrostatic
self-assembly in aqueous solution: Combining positively charged porphyrins with negatively
charged polyelectrolytes leads to nanoscale assemblies where, next to electrostatic interactions,
π–π interactions also play an important role. Porphyrin diacid-polyelectrolyte assemblies exhibit a
substantially enhanced catalytic activity for the light-driven oxidation of iodide. Aggregates with
the hexavalent cationic porphyrin diacids show up to 22 times higher catalytic activity than the
corresponding aggregates under neutral conditions. The catalytic activity can be increased by
increasing the valency of the porphyrin and by choice of the loading ratio. The structural investigation
of the supramolecular catalysts took place via atomic force microscopy and small angle neutron
scattering. Hence, a new facile concept for the design of efficient and tunable self-assembled
photocatalysts is presented.
Keywords: self-assembly; porphyrins; supramolecular catalyst; supramolecular structures;
polyelectrolytes; photocatalysis

1. Introduction
Many functional structures in nature are based on non-covalent self-assembly principles. In the
last years, self-assembly has emerged as a powerful method to create supramolecular structures
of various sizes, shapes, architectures and functionalities [1–12]. Due to their size scale and
versatile chemistry, polymers are very suitable building blocks to form a variety of stable assemblies
in solution. In particular, polyelectrolytes have been successfully used for the formation of a
variety of polyelectrolyte complexes, polyelectrolyte-surfactant complexes and in layer-by-layer
deposition [13–24]. More recently, electrostatic self-assembly of multivalent organic counterions
with oppositely charged polyelectrolytes has allowed formation of a broad range of nanoscale
architectures in solution [25–33]. It is thus highly interesting to now exploit this concept of
polyelectrolyte-organic counterion assembly to promote electrostatic self-assembly for the formation
of functional nanoassemblies in solution.
Porphyrins and metalloporphyrins play a key role in several fundamental processes in
life [34–40]. Extensive efforts have been undertaken to mimic efficient photoinduced electron-transfer
processes which take place in photosynthesis and to create artificial systems. Among the variety of
examined electron donors, porphyrins are very promising as they are the skeleton of chlorophyll
and absorb intensively in the visible spectrum and exhibit high extinction coefficients [34,40–46].
Therefore, they have become very attractive for applications in various fields [47–53]. Water-soluble
Polymers 2016, 8, 180; doi:10.3390/polym8050180
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sample was added onto a freshly prepared mica surface and incubated for 5 min and dried in air. The
TAPP-PSS brush sample l = 0.4 was spincoated at 3000 rpm.
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added onto a freshly prepared mica surface and incubated for 5 min and dried in air. The TAPP-PSS
brush sample l = 0.4 was spincoated at 3000 rpm.
2.5. Small Angle Neutron Scattering (SANS)
Measurements were performed at beamline KWS2 at the Jülich Centre for Neutron Science at the
Heinz Maier-Leibnitz Zentrum (MLZ), Garching, Germany, and at the beamline D11 at Institut Laue
Langevin (ILL), Grenoble, France. Data shown result from MLZ. Three configurations with neutron
wavelengths λ = 4.55 Å and a sample-detector distance of d = 2 m, d = 8 m and d = 20 m were used.
Data were corrected for empty cell scattering, electronic background, detector uniformity and analyzed
after subtracting solvent scattering and incoherent background. Error bars lie within 1%–5% at low q
and increase up to 15% at 0.9 nm´1 ď q.
3. Results
An important parameter for the investigation of the assemblies is the loading ratio, which is the
molar ratio of porphyrin charges to polyelectrolyte charges:
lcharge “

cp –NR`
3 , Porphyrinq

cp –SO´
3 , Polyelectrolyteq

(1)

The structural investigation of the catalytically active aggregates takes place via atomic force
microscopy (AFM) and small angle neutron scattering (SANS).
Under strong acidic conditions (pH < 2) the two inner nitrogen bases of a metal-free porphyrin
ring become protonated leading to a hexavalent species in the case of cationic tetraphenylporphyrins
accompanied by a strong colour change from red to green [83]. The valency increase from four to
six is accompanied by an increase in symmetry from D2H to D4H . Therefore, the planarity of the
macrocycle of TMPyP and TAPP disappears and the metal-free porphyrins have the same symmetry
as for example Zn-TMPyP. In the case of TMPyP, both, a pentavalent and a hexavalent porphyrin, can
be received depending on pH. For the TMPyP monoacid pH 1.7 is sufficient whereas the diaicd is
generated by dissolving the porphyrin directly in 1 M hydrochloric acid, i.e., at pH = 0. Going from the
tetravalent free-base porphyrin to the pentavalent TMPyP monoacid leads to a decrease of symmetry
from D2H to C2V . This one additional charge has a tremendous effect on the catalytic activity as will be
discussed in the following.
3.1. Atomic Force Microscopy (AFM)
In the AFM images shown in Figure 1, a loading ratio l = 0.4 was chosen for comparison,
as this turned out to be the ratio with the highest catalytic activity under neutral conditions [31].
Structural differences are evident for the aggregates formed by the different porphyrin species with
PSS brush. Figure 1a,b displays network-like structures formed by TAPP diacid and PSS brush, which
were already found under neutral conditions [26,30]. Under acidic conditions these networks exhibit
smaller dimensions in length (up to 645 nm) and even smaller dimensions in height (4 to 5.5 nm) as
compared to former studies under neutral conditions that showed TAPP-PSS brush assemblies several
µm in length and up to 15 nm in height [26].
To investigate the influence of each additional charge in the case of TMPyP systematically, the
structure of TMPyP-PSS brush samples under neutral conditions was investigated (Figure 1g,h).
Under neutral conditions, TMPyP-PSS brush forms well-defined, network-like structures which are
21 nm in height and exhibit also slightly larger meshes. In contrast, TMPyP monoacid (Figure 1e,f)
forms rather undefined networks with several µm size which are up to 64 nm high. Hence, one
additional charge causes a transition from well-defined network-like structures to rather undefined
networks. Increasing the number of charges further so that the TMPyP diacid (Figure 1c,d) is present,
again well-defined network-like structures result. They exhibit a height of 32 nm. Considering the
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PSS brush structures in the obtained aggregates more closely, one can see that the diameter of the PSS
brush is up to twice as large in TMPyP diacid-PSS brush aggregates (Figure 1d) than under neutral
conditions (Figure 1h). For the TAPP-PSS brush, one can see that there is nearly no difference in
PSS
brush width in the two considered pH regions. Furthermore, Figure 1i,j displays network-like
Polymers 2016, 8, 180
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Figure 1. Atomic force microscopy (AFM) of porphyrin/PSS brush samples deposited onto a mica
Figure 1. Atomic force microscopy (AFM) of porphyrin/PSS brush samples deposited onto a mica
surface: (a,b) TAPP diacid-PSS brush sample with l = 0.4; (c,d) TMPyP diacid-PSS brush sample with
surface: (a,b) TAPP diacid-PSS brush sample with l = 0.4; (c,d) TMPyP diacid-PSS brush sample with
= 0.4;
brush sample
sample with
with ll =
= 0.4;
brush ll =
= 0.5
ll =
0.4; (e,f)
(e,f) TMPyP
TMPyP monoacid-PSS
monoacid-PSS brush
0.4; (g,h)
(g,h) TMPyP-PSS
TMPyP-PSS brush
0.5 in
in neutral
neutral
solution;
(i,j)
Zn-TMPyP-PSS
brush
l
=
0.4
in
neutral
solution.
solution; (i,j) Zn-TMPyP-PSS brush l = 0.4 in neutral solution.

Several reasons could be responsible for the formation of well-defined or rather undefined
Several reasons could be responsible for the formation of well-defined or rather undefined
structures with the different TMPyP species. The even or odd number of charges may be one reason
structures with the different TMPyP species. The even or odd number of charges may be one reason for
for this because the PSS brush molecules can distribute less regularly with only one charge in the
this because the PSS brush molecules can distribute less regularly with only one charge in the porphyrin
porphyrin ring. Increasing the number of charges from five to six, networks with TMPyP diacid
ring. Increasing the number of charges from five to six, networks with TMPyP diacid (Figure 1d) (32 nm)
(Figure 1d) (32 nm) are half as high as those with TMPyP monoacid (64 nm) and much more defined.
are half as high as those with TMPyP monoacid (64 nm) and much more defined. Structural differences
Structural differences between TMPyP monoacid and TMPyP diacid can derive from their different
between TMPyP monoacid and TMPyP diacid can derive from their different symmetry (C2V D4H ).
symmetry (C2V D4H). In addition, differences of the porphyrins TMPyP and TAPP can originate from
In addition, differences of the porphyrins TMPyP and TAPP can originate from the different ionic
the different ionic strengths. pKa values for TAPP diacid and for TMPyP diacid are 3.6 and 1.4,
strengths. pKa values for TAPP diacid and for TMPyP diacid are 3.6 and 1.4, respectively, indicating
respectively, indicating that TMPyP is the most acidic and the ionic strength is much larger in the
that TMPyP is the most acidic and the ionic strength is much larger in the TMPyP diacid sample than
TMPyP diacid sample than in the TAPP diacid sample. Usually, high ionic strength leads to a
in the TAPP diacid sample. Usually, high ionic strength leads to a decrease in porphyrin-porphyrin
decrease in porphyrin-porphyrin charge repulsion due to screening and therefore the π-systems of
charge repulsion due to screening and therefore the π-systems of two porphyrin macrocycles are more
two porphyrin macrocycles are more prone to interact intermolecularly. One might expect that the
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3.2. Structural Investigation by Small Angle Neutron Scattering (SANS)
3.2. Structural Investigation by Small Angle Neutron Scattering (SANS)
To gain further insight into the structure and the shape of the aggregates in solution, small
To gain further insight into the structure and the shape of the aggregates in solution, small angle
angle neutron scattering (SANS) measurements for each system were performed at polyelectrolyte
neutron scattering (SANS) measurements
for each system were performed at polyelectrolyte
´1 , except
concentrations of c (PSS brush) = 1 g¨ L−1
for the TMPyP diacid sample where the concentration
concentrations of c (PSS brush) = 1 g·L , except for the TMPyP diacid sample where the concentration
was c (PSS brush) = 0.05 g¨−1L´1 . Data are reported in Figure 2a. Scattering curves (Figure 2a) give
was c (PSS brush) = 0.05 g·L . Data are reported in Figure 2a. Scattering curves (Figure 2a) give evidence
of the cylindrical shape of the PSS brush as the slope in a log/log representation for the intermediate qrange is −1.09, according to the scaling of the form factor P(q) with q−1 for long rods. From the first point
or from the point where a plateau can be seen, the minimum length or approximate length of the
cylinder is found via l = 2π/qmin which is approximately 250 nm. To gain more information, the curves
have been analyzed by Guinier analysis (Figure 2b). The linearity of a cross-section Guinier plot
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Table 1. Cylinder lengths, cross-section radii and radii from SANS data.

In each case, cylindrical nanoassemblies were found. Table 1 shows the cylinder lengths, RGc
1
and radii. On the basis of this first analysis,
experimental
curves have been
fitted according
RGC 1 the Diameter
Length
Radius to
Sample
Model
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(nm)
(nm)in Figure (nm)
structural models to obtain the particle
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Results are given
2a (solid
PSSbrush
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4.8
13.8
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140
±
10
5.9
± 0.1PSS
lines) and Table 1. It can be seen that all the determined radii are smaller than the one of the
TMpyP
+
PSSbrush
4
11.4
Cylinder
100
±
10
5.1
0.1the
brush alone, while lying all in the same range. TMPyP diacid-PSS brush differs, as with 12 ±nm
TMPyPmonoacid + PSSbrush l = 0.4
4.0
11.4
Cylinder
93 ± 3
4.8 ± 0.1
radius is nearly twice as large as that of the PSS brush. The result fits well with the observations
TMPyP diacid + PSS brush l = 0.4
–
–
Cylinder
2,700 *
12 ± 0.1
during sample preparation as precipitation occurs immediately for polyelectrolyte concentrations of
Zn-TMPyP + PSS brush
l
=
0.4
4.6
13
Cylinder
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*
5.8
± 0.1
c (PSS
brush) = 1 g¨ L´1 , which is why a4.3
distinct smaller
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has to be
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TAPP diacid + PSSbrush l = 0.4
12.3
Cylinder
100 *
5.2 ± 0.1
1

Determined via Guinier approximation and modeling; * Length taken from AFM.
Table 1. Cylinder lengths, cross-section radii and radii from SANS data.

Hence, SANS results showed that cylindrical
aggregates are formed, which
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Length
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RGC 1
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Sample strands of the networks
Model shape. The lengths of these
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exhibit
a
cylindrical
(nm)
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(nm)
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for
PSSbrush neutral
4.8
13.8
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5.9 ˘ 0.1
the TMPyPTMpyP
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brush
sample,
large
network-like
structures
were
found,
the
single-strand
+ PSSbrush
4
11.4
Cylinder
100 ˘ 10
5.1 ˘ 0.1
TMPyPmonoacid
+ PSSbrush
4.0 are the11.4
Cylinder
93 ˘
3
4.8 ˘ 0.1
dimensions
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comparison
longest and
widest. The
largest
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for the
TMPyP
diacid
+
PSS
brush
l
=
0.4
–
–
Cylinder
2,700
*
12 ˘ 0.1AFM.
cylinders formed by TMPyP diacid and PSS brush is in good agreement to the corresponding
Zn-TMPyP + PSS brush l = 0.4
4.6
13
Cylinder
200 *
5.8 ˘ 0.1
An exception is the TMPyP monoacid, where structures found in AFM are quite undefined. All the
TAPP diacid + PSSbrush l = 0.4
4.3
12.3
Cylinder
100 *
5.2 ˘ 0.1
diameters are smaller
than that of TMPyP diacid and also the determined lengths are all distinctly
1 Determined via Guinier approximation and modeling; * Length taken from AFM.
smaller. Hence, overall SANS and AFM results are in very good agreement.
The observation that, with the exception of TMPyP daicid, the radii are all smaller than those of
Hence, SANS results showed that cylindrical aggregates are formed, which is consistent with
PSS brush in a broader view agrees very well with observations from former studies, where SANS
AFM where individual strands of the networks exhibit a cylindrical shape. The lengths of these
measurements under neutral conditions with and without salt were performed [62,66]. It was
cylinders range from 93 to 2700 nm. Differences in length are also evident from the AFM images:
observed that PSS brush had the largest radius followed by TAPP-PSS brush and TMPyP-PSS brush.
for the TMPyP diacid-PSS brush sample, large network-like structures were found, the single-strand
Thus the shrinkage herein can derive from the larger number of charges of the porphyrin, which
dimensions of which are given in comparison are the longest and widest. The largest radius for the
causes the porphyrin to enter more into the inside of the PSS brush, as the PSS brush has more power
cylinders formed by TMPyP diacid and PSS brush is in good agreement to the corresponding AFM.
to bind it due to the additional two charges and therefore smaller diameters result. Former studies
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An exception is the TMPyP monoacid, where structures found in AFM are quite undefined. All the
diameters are smaller than that of TMPyP diacid and also the determined lengths are all distinctly
smaller. Hence, overall SANS and AFM results are in very good agreement.
The observation that, with the exception of TMPyP daicid, the radii are all smaller than those of
PSS brush in a broader view agrees very well with observations from former studies, where SANS
measurements under neutral conditions with and without salt were performed [62,66]. It was observed
that PSS brush had the largest radius followed by TAPP-PSS brush and TMPyP-PSS brush. Thus the
shrinkage herein can derive from the larger number of charges of the porphyrin, which causes the
porphyrin to enter more into the inside of the PSS brush, as the PSS brush has more power to bind it
due to the additional two charges and therefore smaller diameters result. Former studies pointed out
that side-chain interconnections seem to be responsible for the smaller diameters of the porphyrin-PSS
brush assemblies under neutral conditions, [30] which also is the case for TAPP diacid and TMPyP
monoacid. The behavior of TMPyP diacid, in contrast, appears to be different and is not understood yet.
3.3. Spectroscopic Investigation
The difference in valency becomes evident spectrochemically as can be seen in Figure 3.
Here, samples with and without polyelectrolyte under neutral and acidic conditions are investigated for
the three different porphyrins. Figure 3a–c exhibit the complete spectrum, whereas Figure 3d–f focus on
the enlarged Q-bands. Under neutral conditions, the Soret band of pure TAPP (Figure 3a) is red-shifted
for TAPP-PSS brush aggregates with l = 0.4, indicating the formation of J-aggregates and a head-to-tail
interaction of the transition dipole moments. Changing the pH from neutral to acidic, the TAPP Soret
band undergoes a bathochromic shift indicating the formation of J-aggregates. This bathochromic shift
with 9 nm under neutral conditions is slightly larger than under acidic conditions with 6 nm indicating
larger interactions between the TAPP and the PSS brush or the formation of larger J-aggregates under
neutral conditions. This pH change is, as already mentioned, accompanied by an increase of symmetry,
which again is accompanied by a reduction of the number of Q-bands from four to two. The presence
of PSS brush leads to a small further red-shift of the TAPP diacid Soret band (Figure 3b). The Q-bands
undergo no spectral shift upon combination with the polyelectrolyte under neutral conditions, while
this is different under acidic conditions. Here, a slight bathochromic shift of the Q-bands in the
presence of PSS brush can be seen. Spectral data from Figure 3 are summarized in Table 2. In the case
of TMPyP (Figure 3c), no band shifts of the Soret band from the neutral TMPyP to TMPyP monoacid
can be observed. The presence of PSS brush in neutral conditions leads to a small change of the Soret
band characteristics but not to a band shift. For the TMPyP diacid, a clear bathochromic shift of the
Soret band can be observed indicating the formation of J-aggregates and a head-to-tail interaction
of the transition dipole moments as for TAPP diacid, which in the presence of PSS brush is slightly
more expressed. For TMPyP monoacid, the presence of PSS brush leads to a red-shift of the Soret
band and for the illustrated charge ratio to a band splitting, indicating that more than one dominant
species exists. In addition, in the Q-region, some spectral shifts occur (Figure 3d). For the neutral
TMPyP samples, a slight red-shift of the Q-bands with polyelectrolyte addition can be seen. This is
also the case for the TMPyP diacid. For Zn-TMPyP (Figure 3e) less spectral changes are expected,
because the metal center prevents the increase of charge and also symmetry changes are not expected.
Thus, only for pure Zn-TMPyP Soret band can a slight blue shift by changing the milieu from neutral
to acidic be observed, thereby indicating the formation of H-aggregates and a face-to-face interaction.
However, the corresponding Q-bands show shifts (Figure 3f).
For the pure Zn-TMPyP in solution, the first Q-band rises at 519 nm, the second at 563 nm and,
additionally, a weak shoulder at higher wavelengths is present. In the presence of the PSS brush under
acidic conditions, four Q-bands can be seen, which are almost at the same wavelengths as TMPyP under
neutral conditions, indicating that Zn-TMPyP becomes demetallated under such acidic conditions.
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Figure 3. Spectral changes of porphyrin-PSS brush aggregates upon changing the pH from neutral to

Figure 3. Spectral changes of porphyrin-PSS brush aggregates upon changing the pH from neutral to
highly acidic: (a) TAPP-sample with PSS brush l = 0.4; (b) Zoom of the Q bands of (a); (c) TMPyPhighly acidic: (a) TAPP-sample with PSS brush l = 0.4; (b) Zoom of the Q bands of (a); (c) TMPyP-sample
sample with PSS brush l = 0.1 for the diacid and monoacid, l = 0.4 under neutral conditions; (d) Zoom
with PSS brush l = 0.1 for the diacid and monoacid, l = 0.4 under neutral conditions; (d) Zoom of the Q
of the Q bands of (c); and (e) Zn-TMPyP-sample with PSS brush l = 0.4; (f) Zoom of the Q bands of (e).
bands of (c); and (e) Zn-TMPyP-sample with PSS brush l = 0.4; (f) Zoom of the Q bands of (e).
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The spectroscopic investigation therefore showed that the structure formation of porphyrin and
polyelectrolyte always leads to a red-shift indicating the formation of J-aggregates. For the TMPyP
monoacid, additionally a band splitting can be observed indicating the presence of more than one
species, which fits very well to the rather undefined structures in AFM.
3.4. Catalysis
Recently we found that at pH = 7 porphyrin-polyelectrolyte assemblies catalyze the light-induced
oxidation of iodide in aqueous solution more effectively than the unassociated porphyrin [67].
Here, we performed a study of the catalysis of different porphyrins under strongly acidic conditions.
The free-base porphyrins are two-fold protonated, resulting in two additional charges, i.e., hexavalent
porphyrins. Due to the fact that electrostatic interactions between the positively charged porphyrins
and the negatively charged polyelectrolytes are responsible for structure formation and the structure
formation itself under neutral conditions has caused a higher catalytic performance, two additional
charges are expected to have a substantial influence on the catalytic activity. Therefore, porphyrin
diacid-polyelectrolyte assemblies are promising for catalysis especially under strong acidic conditions
where a variety of systems cannot be used. For the main part of the catalysis study, three different
porphyrins, TAPP, TMPyP and Zn-TMPyP, are each combined with a cylindrical PSS brush and
the catalytic activity of these aggregates was compared with the one of porphyrin only in acidic
solution. In addition, measurements were also done with linear PSS to identify the role of the
polyelectrolyte architecture.
The chosen model reaction is the light-induced oxidation of iodide into triiodide, because I´ /I3 ´
is used, for example, in solar cell applications. The generation of triiodide can be monitored through
two characteristic absorption bands at 287 and 353 nm in the UV/Vis spectrum. The development
of the triiodide absorption as a function of time for the different systems is plotted in Figure 4.
Triiodide concentrations are summarized in Table 3. The system of TAPP diacid and PSS brush is
exemplarily chosen and the influence of the loading ratio l on the catalytic activity was investigated
over a large l regime 0.01 ď l ď 2. As can be seen from Figure 4a, the catalytic activity of TAPP
diacid-PSS brush assemblies increases successively with an increasing amount of polyelectrolyte:
that is, the concentration of triiodide increases from l = 2 successive up to l = 0.03 where the highest
catalytic activity can be observed. Further increase of polyelectrolyte leads to a smaller catalytic activity,
which shows that l = 0.03 is the optimum loading ratio which is necessary for an improvement of
the catalytic activity. At l = 0.01, the amount of TAPP is too small to allow for building sufficient
aggregates. Between 0.3 ď l ď 0.6, no differences can be seen. Similar observations can be made for
the TMPyP monoacid-PSS brush system, where the considered regime was 0.1 ď l ď 0.5. As can be
seen in Figure 4b, a distinct difference in the catalytic activity with and without polyelectrolyte can be
observed. The highest catalytic activity was found for l = 0.1. For the Zn-TMPyP-PSS brush system,
the results of which are illustrated in Figure 4c, samples with 0.1 ď l ď 0.8 were investigated. Similar to
the results for the TMPyP monoacid-PSS brush system, a distinct increase in catalytic activity through
the polyelectrolyte can be seen.
Table 3. Generated concentrations of triiodide (mol/L).
Porphyrin species

With PE

TMPyP diacid
TAPP diacid
Zn-TMPyP
TMPyP monoacid

104

4.2 ˆ
1.5 ˆ 104
8.7 ˆ 105
7.8 ˆ 105

Without PE
104

4.2 ˆ
5.9 ˆ 105
6.1 ˆ 105
2.3 ˆ 105

Activity increase with PE
unchanged
2.5ˆ
1.3ˆ
3.4ˆ

Hence, the activity increases with increasing amount of polyelectrolyte so that for l = 0.1 the
highest amount of triiodide was found. For the TMPyP diacid-PSS brush system, the observations
are different as can be seen in Figure 4d. The pure TMPyP diacid solution is the catalytically most

monoacid-PSS brush system, where the considered regime was 0.1 ≤ l ≤ 0.5. As can be seen in Figure
4b, a distinct difference in the catalytic activity with and without polyelectrolyte can be observed. The
highest catalytic activity was found for l = 0.1. For the Zn-TMPyP-PSS brush system, the results of
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is the same as without polyelectrolyte. Among the considered loading ratios, l = 0.1 shows the
Porphyrin
With PEdoes
Without
PE Activity
increase
with
PE
highest catalytic
activity,species
but the activity
not continuously
increase
with
increasing
amount
of polyelectrolyte.
Among
brush assemblies with
TMPyP
diacidthe considered
4.2 × 104 systems,
4.2 × 104 TMPyP diacid-PSS
unchanged
´4 mol¨
4
5
c (I3 ´ ) = 4.2 ˆ 10
L´1 generate
the
highest
concentration
of 2.5×
triiodide followed by TAPP
TAPP
diacid
1.5 × 10
5.9 × 10
´
´
4
´
1
5
5
diacid with c (I3 Zn-TMPyP
) = 1.5 ˆ 10 mol¨8.7
L × ,10
Zn-TMPyP
with c (I3 ) = 8.7 ˆ
10´5 mol¨ L´1 and TMPyP
6.1 × 10
1.3×
´
´
5
´
1
5
monoacid withTMPyP
c (I3 ) monoacid
= 7.8 ˆ 10 7.8
mol¨
L 5 , as 2.3
can×be
in Table 3. 3.4×
× 10
10seen

Polymers 2016, 8, 180

10 of 19

Figure
Figure 4.
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(c) Zn-TMPyP-PSS brush; (d) TMPyP diacid-PSS brush.

Hence, the activity increases with increasing amount of polyelectrolyte so that for l = 0.1 the
These observations are also evident from the corresponding turnover numbers (TON) and the
highest amount of triiodide was found. For the TMPyP diacid-PSS brush system, the observations
turnover frequency (TOF), which are summarized in Table 4. TON describes the amount of triiodide
are different as can be seen in Figure 4d. The pure TMPyP diacid solution is the catalytically most
which can be generated with the chosen porphyrin concentration. TOF is the turnover per time.
active one of the investigated porphyrin only solutions. With polyelectrolyte, the catalytic activity is
The catalytic activity of TMPyP diacid-PSS brush assemblies is evident with a TON of 109 and a TOF
the same as without polyelectrolyte. Among the considered loading ratios, l = 0.1 shows the highest
of 1.82, which are higher than those of pure TMPyP diacid and essentially larger than those of the
catalytic activity, but the activity does not continuously increase with increasing amount of
other systems. Thus, the catalytic activity of TAPP diacid, TMPyP monoacid and Zn-TMPyP can be
polyelectrolyte. Among the considered systems, TMPyP diacid-PSS brush assemblies with c (I3−) = 4.2
obviously enhanced with regard to triiodide generation in the presence of polyelectrolyte.
× 10−4 mol·L−1 generate the highest concentration of triiodide followed by TAPP diacid with c (I3−) =
From the results it can be seen that one additional charge in the case of TMPyP enhances the
1.5 × 104 mol·L−1, Zn-TMPyP with c (I3−) = 8.7 × 10−5 mol·L−1 and TMPyP monoacid with c (I3−) = 7.8 ×
catalytic
activity tremendously. The effect of the porphyrin diacids is much more significant than with
10-5 mol·L−1, as can be seen in Table 3.
the porphyrin under neutral pH conditions [31]. Under acidic conditions, the triiodide generation is
These observations are also evident from the corresponding turnover numbers (TON) and the
up to 13.6 times larger than in the pH 7 case in the TAPP diacid-PSS brush and up to 4.1 times larger
turnover frequency (TOF), which are summarized in Table 4. TON describes the amount of triiodide
in the case of TMPyP monoacid-PSS brush, and finally up to 22.1 times larger in the case of TMPyP
which can be generated with the chosen porphyrin concentration. TOF is the turnover per time. The
diacid-PSS brush.
catalytic activity of TMPyP diacid-PSS brush assemblies is evident with a TON of 109 and a TOF of
1.82, which are higher than those of pure TMPyP diacid and essentially larger than those of the other
systems. Thus, the catalytic activity of TAPP diacid, TMPyP monoacid and Zn-TMPyP can be
obviously enhanced with regard to triiodide generation in the presence of polyelectrolyte.
Table 4. Corresponding TON/TOF of investigated porphyrin-polyelectrolyte assemblies.
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Table 4. Corresponding TON/TOF of investigated porphyrin-polyelectrolyte assemblies.

Porphyrin species
TMPyP diacid
TAPP diacid
TAPPneutral
Zn-TMPyP
TMPyP monoacid
TMPyP neutral

TOF/min´1

TON
With PE

Without PE

With PE

Without PE

109
20
2
8
10
4

104
6
–
47
3
2

1.82
0.66
0.03
0.14
0.14
0.06

1.73
0.1
–
0.8
0.04
0.04

To 2016,
identify
Polymers
8, 180if a certain polyelectrolyte architecture is necessary to increase the catalytic activity,
11 of 19
measurements with linear PSS as polyelectrolyte at one chosen loading ratio l = 0.4 were performed.
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in the
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Figure 5. Kinetics of triiodide formation: extinction coefficient ε at λ = 353 nm versus irradiation time
Figure 5. Kinetics of triiodide formation: extinction coefficient ε at λ = 353 nm versus irradiation time
for porphyrin-linear PSS in acidic aqueous iodide solution.
for porphyrin-linear PSS in acidic aqueous iodide solution.
Table 5. Generated concentrations of triiodide (mol/L) after 5 h of irradiation.
Porphyrin species
TMPyP diacid
TAPP diacid
Zn-TMPyP

With PE
9.42 × 104
5.26 × 104
2.59 × 104

Without PE
1.00 × 103
7.01 × 105
7.73 × 105

Increased activity with PE
slightly less catalytically active
7.5 x
3.6 x
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activity can be seen by eye. Samples with polyelectrolyte (2, 4, 6, 8) are intensively yellow-colored. 1, 2:
2: TMPyP diacid; 3, 4: TAPP diacid; 5, 6: Zn-TMPyP; 7, 8: TMPyP monoacid; (Right) kinetics of
TMPyP diacid; 3, 4: TAPP diacid; 5, 6: Zn-TMPyP; 7, 8: TMPyP monoacid; (Right) kinetics of triiodide
triiodide formation: extinction coefficient ε at λ = 353 nm versus irradiation time (5 h) for different
formation: extinction coefficient ε at λ = 353 nm versus irradiation time (5 h) for different porphyrin-PSS
porphyrin-PSS brush assemblies in acidic aqueous iodide solution.
brush assemblies in acidic aqueous iodide solution.

The increase of the catalytic activity can additionally be seen from the color of the investigated
Table 5. Generated concentrations of triiodide (mol/L) after 5 h of irradiation.
samples in Figure 6. Samples with porphyrin and polyelectrolyte evidently are more intensively
yellow-colored.
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4. Discussion

Table 6. TON/TOF for the long-term studies of porphyrin-polyelectrolyte assemblies.
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The increase of the catalytic activity can additionally be seen from the color of the investigated
samples in Figure 6. Samples with porphyrin and polyelectrolyte evidently are more intensively
yellow-colored.
The reusability of the porphyrin diacid-PSS brush-assemblies was also investigated. For this, a
sample of TAPP diaicd-PSS brush and a TAPP diacid solution, which were already irradiated and used
as catalyst, were irradiated on the next day again. The measurements showed that TAPP diacid-PSS
brush assemblies are still catalytically active.
4. Discussion
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the difference
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activity
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states, the symmetry of the porphyrins as well as the electronic structure of the porphyrins. As shown
in Scheme 3, the generation of triiodide from iodide occurs via irradiation of the porphyrin as a
photosensitizer and its excited triplet state. Thereby, 1 O2 is generated which oxidizes iodide into
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Scheme
Table 7. Lifetimes of the excited triplet states of the different porphyrins under different conditions.
Porphyrin

pH

ΦTriplet

tT

TMPyP
TAPP
Zn-TMPyP
TMPyP diacid
TAPP diacid
Zn-TMPyP

7
7
7
acidic
acidic
acidic

0.92 [64]
0.8 [65]
0.9 [64]
–
–
–

0.17 ms [84]
0.54 ms [85]
2 ms [84]
90 µs [76]
268 µs [76]
–

Results above show the opposite. Therefore, effects other than the lifetimes of the excited triplet
states evidently are more significant for the difference in catalytic activity. Generally, molecular
symmetry can also play a role for the different catalytic behavior, but TMPyP and TAPP exhibit the
same symmetry under neutral and acidic conditions, so that the molecular symmetry also turns out
not to be the reason for the difference in catalytic activity.
A likely cause contributing to the enhancement of the catalytic activity is the prevention of
uncontrolled aggregation, as previously observed under neutral conditions. Therefore, for porphyrin
diacid-PSS brush systems, the change of the Soret band during irradiation was considered in
detail (Figure 7). The behavior is quite complex. With polyelectrolyte, the intensity of the Soret
band increases with increasing irradiation time until its disappearance after 60 min of irradiation.
Without polyelectrolyte, one can first see a decrease of the Soret band and afterwards an increase and
disappearance of the Soret band already after 20 min of irradiation. This observation indicates that
TMPyP diacid-PSS brush assemblies are destroyed with increasing irradiation time, and more free
TMPyP diacid becomes present in the solution. Different observations can be made in the case of TAPP
diacid. With polyelectrolyte, only a slight decrease of the Soret band can be observed, whereas without
polyelectrolyte, the Soret band decreases, indicating undefined aggregation, which is prevented by the
PSS brush in the assembly system. The same result can be seen for TMPyP monoacid and Zn-TMPyP.
This observation of the Soret band behavior fits well with the long-term photocatalytic activity results.
There, the amount of generated triiodide for the TMPyP diacid sample and for the TMPyP diacid-PSS
brush sample in relation to the short-term experiment did not increase tremendously. With the results
from Figure 7 it becomes evident that this is because TMPyP diacid-PSS brush assemblies are not stable
enough under the investigated conditions, so that after one-hour irradiation, aggregates no longer exist
and therefore the catalytic activity of the samples with and without polyelectrolyte is the same. In the
case of TAPP diacid, the aggregates are more stable and are still present after one-hour irradiation and
therefore a distinctly larger increase of the triiodide concentration can be observed in the long-term

and for the TMPyP diacid-PSS brush sample in relation to the short-term experiment did not increase
tremendously. With the results from Figure 7 it becomes evident that this is because TMPyP diacidPSS brush assemblies are not stable enough under the investigated conditions, so that after one-hour
irradiation, aggregates no longer exist and therefore the catalytic activity of the samples with and
without polyelectrolyte is the same. In the case of TAPP diacid, the aggregates are more stable and
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are still present after one-hour irradiation and therefore a distinctly larger increase of the triiodide
concentration can be observed in the long-term studies. In summary, the prevention of aggregation
through
is likely the
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substituents that is˝approximately 70°. The p-aminophenyl substituent should be the energetically
approximately 70 . The p-aminophenyl substituent should be the energetically and geometrically most
and geometrically most effective unit for interunit interactions with the porphyrin. The LUMOs of
free-base porphyrins are localized on the porphyrin unit; however, electron delocalization through
p-aminophenyl substituents has its origin in an intramolecular charge transfer character in the excited
states. P-aminophenyl substituents with non-orthogonal geometry lead to efficient electron
delocalization. This is supported by a large electron density on the p-aminophenyl substituent in the
HOMO [87]. Thus, these are significant differences in the electronic structure of TMPyP and TAPP
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effective unit for interunit interactions with the porphyrin. The LUMOs of free-base porphyrins are
localized on the porphyrin unit; however, electron delocalization through p-aminophenyl substituents
has its origin in an intramolecular charge transfer character in the excited states. P-aminophenyl
substituents with non-orthogonal geometry lead to efficient electron delocalization. This is supported
by a large electron density on the p-aminophenyl substituent in the HOMO [87]. Thus, these are
significant differences in the electronic structure of TMPyP and TAPP that can contribute to a different
behavior in photocatalysis. With this understanding, the concept presented may be extended towards
versatile and tunable photocatalytic structures that can be designed by electrostatic self-assembly, in
particular with regard to solar energy conversion.
5. Conclusions
We have shown that electrostatic self-assembly of highly charged porphrins with polyelectrolytes
in aqueous solution can yield a variety of nanostructures with significantly improved properties
for photocatalysis.
The study revealed an enhancement of the photocatalytic activity of
different porphyrin diacids through assembly with the poly(styrene sulfonate) (PSS) brush.
The diacids of meso-tetrakis(4-(trimethylammonium) phenyl)-porphyrin (TAPP) and meso-tetrakis(4-Nmethylpyridinium) porphyrin (TMPyP) have been investigated as well as TMPyP monoacid and
Zn-TMPyP. The results showed in the case of TMPyP that the more charges the porphyrin exhibits,
the higher the generated amount of triiodide. TMPyP diacid-PSS brush assemblies generate up to
22 times more triiodide than TMPyP-PSS brush assemblies under neutral conditions and otherwise
same conditions. The amount of polyelectrolyte also influences the catalytic activity of porphyrin-PSS
brush assemblies: A maximum of catalytic activity enhancement was found for l = 0.03. Atomic force
microscopy (AFM) revealed that porphyrin diacids assemble with PSS brush into larger networks with
different density of meshes, which can be due to symmetry changes and a difference in ionic strength,
while small angle neutron scattering (SANS) confirmed the cylindrical shape of the network moieties.
The difference in catalytic activity was related to difference in electronic structure of the porphyrin
and porphyrin-porphyrin interaction, while lifetimes and molecular geometry turned out to not be
directly connected with the catalytic activity. Hence, electrostatic self-assembly of polyelectrolytes
with multivalent functional counterions leads to functional nanostructures with tunable structure
and activity. The advantage of the concept presented is a simple toolbox principle based on ionic
interactions, which opens the route to a wide variety of tunable self-assembled catalysts formed
with polyelectrolytes.
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Abstract The interplay of several non-covalent interaction
forces is used as key to supramolecular structures. Combining
cationic alkyltrimethylammonium bromide surfactants and
the divalent anionic azo dye Acid Red 26 (Ar26) as small
building blocks in aqueous solution, electrostatic interactions
of the oppositely charged building blocks in combination with
hydrophobic effect and π–π interactions play a major role in
aggregate formation. Static and dynamic light scattering and
small-angle neutron scattering (SANS) revealed different
sizes of aggregates in the range of 2 nm≤RH ≤420 nm depending on surfactant length, concentration and of dye to surfactant
loading ratio. A strong relationship of assembly size with surfactant concentration has been found, where initial surfactant
monomers and micelles influence the aggregate formation
differently. The stability of dye–surfactant aggregates which
also shows a dependency on surfactant tail length has been
related to ζ-potential measurements. Small-angle neutron scattering elucidated that dye–surfactant aggregates possess cylindrical shapes with different aspect ratios. UV/Vis spectroscopy gave information on the dye–dye π–π stacking geometry
and extent, while the thermodynamic parameters for micellization and dye–surfactant binding ΔH, ΔG, and ΔS as well as
stoichiometry and binding constant obtained by isothermal
titration calorimetry revealed insight into the interplay of
interactions.
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Introduction
The aggregation behavior of surfactants has been of research
interest for a long time. Starting from studying the hydrophobic effect and micelle formation probing different properties
such as surface tension or conductivity, influences of ionic
strength and surfactant nature on micelle shape have come
into focus [1–3]. Current research opens new application
fields for surfactants, ranging from surfactant micelles in surface science [4–8], over the synthesis of gold or ZnS nanoparticles [9–11], to polyelectrolyte–surfactant assembly [12–23].
Currently, a large interest in the formation of versatile selfassembled nanostructures is due to their great potential for
nanotechnology, material science, and electronic devices
[24–29]. Therefore, it is highly desirable to develop concepts
that open facile ways to create more complex supramolecular
structures in aqueous solution based on simple amphiphiles.
In recent years, surfactants have more and more been used to
form supramolecular structures based on multiple noncovalent interactions like hydrophobic effect and electrostatic
interactions and taking advantage of the variety of chemical
structures that are available [30–39]. An interesting example is
polyelectrolyte–surfactant complexes with a core–shell cylindrical morphology consisting of a fluorosurfactant and an anionic polyelectrolyte described by Štěpánek et al. [37, 40].
This group has widely studied polyelectrolyte–surfactant association, showing the formation of highly ordered nanoparticles or to water-insoluble complexes depending on the composition [41–43]. With applications in view, Gradzielski et al.
created pH-responsive chitosan–surfactant complexes for
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selective binding/release processes of pollutants [44, 45]. Recently, the formation of 1D nanofibers and nanohelixes from
anionic azo dyes and cationic surfactants was described [46].
A supramolecular gel was formed out of surfactantencapsulated polyoxometalate clusters using different ammonium surfactants [36]. Faul et al. built nanostructured complexes from surfactant and polyoxometalates with tunable
photophysical properties promising for nanotechnology [47,
48].
In the field of supramolecular chemistry, electrostatic selfassembly is a promising method yielding nanoobjects through
association of polyelectrolytes and/or small ionic building
blocks [49–56]. The structure formation does not rely on specifically synthesized binding motifs but on a combination of
non-covalent interactions, like electrostatic interactions with
hydrogen bonding, π–π interaction, or geometric effects. The
interplay of several kinds of long-range and short-range interaction forces is the key to the formation of well-defined structures with various architectures ranging from spheres over
networks to hollow spheres and long cylinders, in this case,
without involving surfactants or hydrophobic effect [53]. On
one hand, a large variety of structures and functionalities in
terms of assemblies in solution has been realized through the
combination of electrostatics and π–π interaction [49, 50, 53].
On the other hand, versatile solid materials have been built
from ionic surfactants and dyes, for example, by Faul et al.
[29–33]. Only few studies on ionic dye–surfactant assemblies
in solution exist [31, 57–63]. For future applications, it is now
most crucial to fundamentally understand the interplay of the
non-covalent interactions to lead to the possibility of a
targeted creation of self-assembled surfactant–dye nanostructures in solution.
The present study targets the self-assembly of ionic dye molecules and oppositely charged surfactants into supramolecular
assemblies in solution. In difference to classical surfactant systems, multivalent ionic dye molecules serve as counterions that
can also undergo mutual π–π interaction. Hence, the interplay of
hydrophobic effect, electrostatic interaction, and π–π interaction
directs the structure formation. This makes the self-assembly
both more complex and more versatile. A systematic study with
variation of building blocks and formation conditions and a
thorough characterization of structures and interactions is performed to allow gaining fundamental insight into the
multiinteraction self-assembly. Specifically, self-assembled
structures from combining the anionic divalent azo dye Ar26
with cationic alkyltrimethylammonium bromide surfactants of
various chain lengths in aqueous solution have been investigated. Light scattering, UV/Vis spectroscopy, ζ-potential measurements, small-angle neutron scattering, and isothermal titration
calorimetry are used to study the association, and assembly formation is considered at different initial surfactant concentrations:
below, at, and above the critical micelle concentration for all
surfactants. Focus is to elucidate the formation of the dye–
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surfactant structures and to establish the route to a promising
type of self-assembled nanostructures in solution, resulting from
a delicate interplay of non-covalent interactions.

Experimental section
Chemicals Cetyltrimethylammonium bromide (C16TAB) was
obtained from Merck Chemicals, tetradecylammonium bromide (C14TAB) from Sigma-Aldrich, and dodecylammonium
bromide (C12TAB) from VWR (analytical grade >98 %). All
surfactants were used without further purification. The azo
dye Ar26 was purified by recrystallization to yield a dye content of >96 %. To prepare samples and stock solutions, deionized water was filtered twice through hydrophilic membrane
filters with a pore size of 0.22 μm. To prepare small-angle
neutron scattering samples, D 2 O with a water content
<0.1 % was used, which was purchased from Deutero GmbH.
Sample preparation Stock solutions of Ar26 were prepared
by dissolving an appropriate amount of dye in neutral deionized and filtered water. Stock solutions of C16TAB, C14TAB,
and C12TAB were prepared accordingly. Light scattering samples were prepared by mixing aqueous stock solutions of the
compounds: Deionized and filtered water was placed into
light scattering cuvette, surfactant stock solution, and then,
the dye stock solution was added. For small-angle neutron
scattering, stock solutions of Ar26 and the surfactants were
prepared in D2O. To prepare SANS samples, surfactant stock
solution were added to D2O before adding an appropriate
amount of Ar26 stock solution to yield a surfactant concentration of 0.5 g L−1.
Light scattering Light scattering measurements were carried
out on an ALV CGS 3 goniometer with ALV 5000 correlator
(ALV Langen, Germany) equipped with a HeNe laser with a
wavelength of λ=632.8 nm and 20 mW output power. Measurements covered an angular range of 30°≤θ≤150°. Data
analysis was carried out by converting the measured intensity
autocorrelation function into the scattered electric field autocorrelation function using the Siegert relation. The electric
field autocorrelation functions were further analyzed by inverse Laplace transformation using the program CONTIN
by S. Provencher to yield the distribution of relaxation times
[64]. From this, the apparent diffusion coefficient was calculated, and by extrapolation to zero, scattering vector square of
the diffusion coefficient was obtained. Via Stokes–Einstein
relationship, the diffusion coefficient was converted into the
hydrodynamic radius.
UV/Vis spectroscopy Absorption spectra were recorded
using a SHIMADZU UV Spectrophotometer (UV-1800) with
a slit width of 1 nm using quartz cuvettes from Hellma/
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Müllheim with 1 and 10 cm path length. The spectral range
covered 200 nm≤λ≤800 nm.
Small-angle neutron scattering SANS measurements were
performed at beamline KWS2 at the Jülich Centre for Neutron
Science at the Heinz Maier-Leibnitz Zentrum (MLZ), Munich,
Germany, Garching, Germany and at beamline D11 at the Institute Laue Langevin (ILL), Grenoble, France. At KWS2, three
configurations with neutron wavelength λ=4.55 Å and sampledetector distances of d=2 m, d=8 m, and d=20 m were used. At
D11, three configurations with a wavelength of λ=6 Å and
sample-detector distances of d=1.2 m, d=8 m, and d=39 m
were used. Data were corrected for empty cell scattering, electronic background, and detector uniformity and analyzed after
subtracting solvent scattering and incoherent background. The
scattering data were further analyzed and transformed into the
pair distance distribution function P(r) using the general indirect
Fourier transform program (GIFT) by O. Glatter, including
smoothing of the primary data, desmearing, and transformation
into real space [65, 66].
On the basis of the first results, structural modeling by
standard fitting packages such as SASview has been used to
obtain the particle shape and dimensions. The SANS intensity
can be described as I(q)= ϕ VNP (ΔρSLD)2 P2(q), where ϕ is
the volume fraction, VNP the nanoparticle volume, ΔρSLD the
difference in scattering length density between the nanoparticle and the solvent, and P(q) the nanoparticle form factor
describing the nanoparticle shape. For example, for a sphere
with radius r, the form factor P(q) is
P ð qÞ ¼ 3

sinqr−qrcosqr
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model as implemented in MicroCal ITC data analysis software for Origin 7.

Results and discussion
Dye–surfactant self-assembled aggregates were prepared
using the anionic azo dye Ar26 and oppositely charged
alkyltrimethylammonium bromide surfactants CnTAB of different chain length (n=12, 14, 16) as depicted in Scheme 1.
Experiments were performed using concentrations below the
critical micelle concentration cmc (c<cmc), close to the cmc
(c≈cmc), and above the cmc (c>cmc) to study the influence
of the presence of surfactant monomers versus micelles on the
surfactant–dye aggregate formation. The cmc values for the
surfactants with different chain length are c(C12TAB) =
1.534×10−2 mol L−1, c(C14TAB)=3.943×10−3 mol L−1, and
c(C16TAB)=9.642×10−4 mol L−1 [4, 67, 68]. To discuss data,
the loading ratio l defined as the ratio of the molar concentration of sulfonate groups of the counterion Ar26 to the molar
concentration of quaternary ammonium groups of the surfactant is


c SO−3 ; Ar26
l¼
cðNþ ; surfactantÞ
For all surfactants, aggregate formation with the oppositely
charged dye takes place over a wide range of loading ratios l
leading to different structures depending on loading ratio and
concentration as light scattering results and spectral changes

ðqrÞ3

For a cylinder with length L and radius r, P(q) is
 pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Z 1 4 J 1 qr 1−x2 sin qLx
2
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
dx
P ð qÞ ¼
2 r 1−x2 Lx
q
0
where J1 is the first-order Bessel function.
ζ-Potential ζ-Potential measurements were carried out on
Zetasizer Nano ZS from Malvern Instruments. For each measurement, five runs were performed. The Hückel formula was
used to calculate the ζ-potential from the electrophoretic
mobility.
Isothermal titration calorimetry ITC measurements were
carried out with a VP-ITC microcalorimeter from MicroCal
Inc. (Northampton, MA). Experiments were performed at
25 °C. For surfactant–dye experiments, 30–50 injections of
4–5 μl were used with a spacing time of 300 s. For micellization experiments, 50 injections of 2 μl were used with a spacing time of 350 s. Data analysis was done using a one-site

Scheme 1 Chemical structures of alkyltrimethylammonium surfactants
CnTAB (n=12, 14, 16) and azo dye Ar26 used as building blocks in this
study
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Table 1 Stability and dynamic
light scattering results for
C12TAB-Ar26, C14TAB-Ar26,
and C16TAB-Ar26 at different
concentrations
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Surfactant

c(CnTAB)

Stable range

RH range

RH for l=0.5

C12TAB

c(C12TAB)<cmc

C14TAB

c(C12TAB)≈cmc
c(C12TAB)>cmc
c(C14TAB)<cmc

l<1.5, 1.5<l
l<0.9
–
l<1.0, 1.0<l

74–420 nm
2.6–21 nm
–
Peak 1 12–20 nm

390 nm
11 nm
–
Peak 1 10 nm

c(C14TAB)≈cmc

l<1.0

Peak 2 53–109 nm
Peak 1 3.7–14 nm

Peak 2 76 nm
Peak 1 8 nm

c(C14TAB)>cmc
c(C16TAB)<cmc

l<0.7
l<1.0, 1.0<l

Peak 2 28–168 nm
4.7–16 nm
Peak 1 7–23 nm

Peak 2 59 nm
9 nm
Peak 1 20.5 nm

c(C16TAB)≈cmc

l<0.9

Peak 2 48–113 nm
Peak 1 3.2–10 nm

Peak 2 113 nm
Peak 1 10 nm

c(C16TAB)>cmc

l<0.9

Peak 2 41–61 nm
32–74 nm

Peak 2 61 nm
74 nm

C16TAB

l loading ratio

indicate. Table 1 gives an overview of results determined by
dynamic light scattering (DLS).
Association of dye and surfactant for c(CnTAB)<cmc
C12TAB-Ar26 aggregates A concentration of c(C12TAB)=
5.0×10−4 mol L−1 was chosen to prepare loading ratios 0.03≤
l≤2.0 with low Ar26 concentrations, so that initially the dye is
molecularly dissolved and π–π stacking of dye monomers is
induced by surfactant molecules. Figure 1a shows DLS results
after mixing aqueous solution of the components for a sample
with a loading ratio l=0.5. The electric field autocorrelation
function g1(τ) and the distribution of relaxation times A(τ) for
the C12TAB-Ar26 assembly sample reveal a hydrodynamic radius of RH =390 nm with a narrow size distribution width of σ=
0.15. A second peak is observed for l=0.03 and l=2.0, while
other loading ratios show only one peak in the distribution of
relaxation times A(τ), i.e., for C12TAB-Ar26, the formation of
one or two sizes of aggregates depends on the loading ratio.
Figure 1b depicts the hydrodynamic radii RH in dependence on the loading ratio l. Samples at all loading ratios
show a narrow size distribution. Aggregates in a size
range of 74 nm≤RH ≤420 nm form, but precipitation occurs soon after preparation. A stability limit, which corresponds to the loading ratio at which precipitation occurs
immediately after preparation, was found at l=1.5. The
instability of these aggregates likely results from the short
hydrophobic tail, as will be discussed in the following.
C14TAB-Ar26 aggregates Samples with C14TAB-Ar26 with
a surfactant concentration below the cmc of c(C14TAB)=4.6×
10−4 mol L−1 and loading ratios 0.2≤l≤2.0 were prepared. In
this case, coexisting aggregates of two different sizes were
formed over the complete loading ratio range: one in a size
range of 12 nm ≤ RH ≤ 20 nm and larger aggregates with

hydrodynamic radii 53 nm≤RH ≤109 nm.1 Smaller sized aggregates likely correspond to smaller preformed building
blocks made of dye and surfactant which stack to form the
larger structures. These dye–surfactant aggregates show
higher stability in comparison to C12TAB-Ar26 assemblies
and are stable for at least several hours.

C16TAB-Ar26 aggregates C16TAB-Ar26 aggregates were
prepared at c(C16TAB)=4.2×10−4 mol L−1 to yield loading
ratios between 0.3≤l≤2.5, all being stable. DLS revealed coexistence of two assembly sizes as shown in Fig. 1c for l=0.9
and l=2.5. Similar to C14TAB-Ar26, larger sized aggregates
likely are composed of preformed smaller aggregates, which
leads to the coexistence of smaller and larger structures.
Figure 1d depicts hydrodynamic radii RH in dependence on
loading ratio l. The hydrodynamic radii of the smaller aggregates cover a size range of 7 nm≤RH ≤23 nm, whereas a range
of 48 nm≤RH ≤113 nm in dependence on l is found for the
larger aggregates.2 Inversion of the mixing order of the stock
solutions results in the same size distribution, implying that
equilibrium structures rather than kinetically trapped structures are formed. Considering the ratio of the radius of gyration RG as obtained from static light scattering and the hydrodynamic radius RH, a ratio RG/RH for C16TAB-Ar26 aggregates of 1.3≤RG/RH ≤1.7 results. This indicates elongated aggregates, as can further be proven by SANS (see below).
Evidently, the long hydrophobic tail of C16TAB surfactants
causes a higher stability of the aggregates, likely because a
long alkyl chain better counterparts the increasing size of the
headgroups during interaction with Ar26. Only at l=1.0, dye–
1
The weight of peak was found to be 15 % for the first peak and 85 % for
the second peak.
2
The weight of peak was found to be 16 % for the first peak and 84 % for
the second peak.
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Fig. 1 a Electric field autocorrelation function g1(τ) and distribution of
relaxation times A(τ) for C12TAB-Ar26 aggregates at c(C12TAB)=5.0×
10−4 mol L−1 with loading ratio l=0.5 and l=0.9 at a scattering angle θ=
90°; b hydrodynamic radii RH versus l for C12TAB-Ar26 aggregates at
c(C12TAB)=5.0×10−4 mol L−1; c electric field autocorrelation function

g1(τ) and distribution of relaxation times A(τ) for C 16TAB-Ar26
aggregates at c(C16TAB)=4.2×10−4 mol L−1 with l=0.9 and l=2.5 at
θ = 90°; and d hydrodynamic radii R H versus loading ratio l for
C16TAB-Ar26 aggregates at c(C16TAB)=4.2×10−4 mol L−1

surfactant aggregates precipitate. Assemblies below charge
stoichiometry remain stable in solution for at least 3 weeks,
whereas aggregates of higher loading ratio are stable for several days.

between negatively charged Ar26 and positively charged surfactant monomers and micelles lead to the formation of small
dye–surfactant assemblies in comparison to samples prepared
at concentrations below the cmc.

Association of dye and surfactant for c(CnTAB)≈cmc
As the cmc describes the starting point of micellization, experiments using surfactant concentrations at or slightly above
the cmc were performed to study the influence of coexisting
surfactant monomers and micelles on the dye–surfactant
association.
C12TAB-Ar26 aggregates C12TAB-Ar26 aggregates were
prepared at surfactant concentrations 1.33×10−2 mol L−1 ≤
c(C12TAB) ≤ 2.1 × 10−2 mol L−1, which is a concentration
range from slightly below to slightly above the cmc. Light
scattering measurements of samples with loading ratios 0.2≤
l≤0.9 revealed hydrodynamic radii of 2.6 nm≤RH ≤21 nm. The
stability limit for C12TAB-Ar26 samples at the cmc was determined to be at a loading ratio l=0.9, above which precipitation
occurs immediately. Hence, at concentrations slightly above
the cmc, where micellization starts, electrostatic interactions

C14TAB-Ar26 aggregates Figure 2a depicts the electric field
autocorrelation function g1(τ) and the distribution of relaxation times A(τ) for a sample with l=0.9 at c(C14TAB)=3.82×
10−3 mol L−1 close to the cmc. The distribution of relaxation
times A(τ) shows two peaks for all loading ratios. Thus, in
contrast to what is found for C12TAB-Ar26 (above) and
C16TAB-Ar26 (below), likely the C14TAB-Ar26 association
gives rise to aggregates of two different sizes. The hydrodynamic radii in total cover a size range of 3.7 nm≤RH ≤14 nm
for the smaller aggregates and 28 nm≤RH ≤168 nm for the
larger aggregates.3
The smaller aggregates likely represent C14TAB micelles
or C14TAB micelles loaded with Ar26. The larger size of the
second peak indicates the formation of aggregates consisting
of several micelles connected by Ar26 ions. Due to the fact
3
The weight of peak was found to be 65 % for the first peak and 35 % for
the second peak.
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Fig. 2 a Electric field autocorrelation function g1(τ) and distribution of relaxation times A(τ) for C14TAB-Ar26 aggregates with c(C14TAB)=3.82×
10−3 mol L−1 with l=0.9 at θ=90° and b hydrodynamic radii RH versus loading ratio l for C16TAB-Ar26 aggregates at c(C16TAB)=1.9×10−3 mol L−1

that micelle formation just starts at the cmc, initially there are
only a few micelles and a great amount of free surfactant
monomers. It is hence likely that a larger structure results from
aggregates of surfactant monomers electrostatically bound to
Ar26 ions. Forming larger aggregates from dye and surfactant
thus is due to an interplay of electrostatic interactions, induced
hydrophobic effect, and π–π interactions.
C16TAB-Ar26 aggregates Aggregates formed at a surfactant
concentration slightly above the cmc (c(C16TAB) = 1.9 ×
10−3 mol L−1) with loading ratios 0.2≤l≤0.9 were studied.
Stable assemblies could only be prepared in this range, and
the stability limit is l=0.9; above this limit, samples precipitate. Analysis of the samples with light scattering revealed two
sizes of aggregates as the distribution of relaxation times A(τ)
shows two peaks, similar to the C14TAB-Ar26 case. Smaller
assemblies exhibit hydrodynamic radii RH of 3.2 nm≤RH ≤
10 nm whereas larger aggregates are found to be in a size
range of 41 nm≤RH ≤61 nm, as Fig. 2b displays. Those size
ranges probably correspond to the formation of surfactant
monomer–dye aggregates and surfactant micelles loaded with
Ar26 ions.
Association of dye and surfactant for c(CnTAB)>cmc
While the previous section focused on surfactant–dye aggregates formed from surfactant monomers, the following part
deals with surfactant concentrations above the cmc where
self-assembled aggregates will majorly form from preexisting surfactant micelles.
C 12 TAB-Ar26 aggregates Experiments with C 12 TABAr26 at surfactant concentrations above the cmc required high
Ar26 concentrations to create appropriate loading ratios of
0.2≤l≤2.0 and resulted in unstable aggregates that precipitated immediately.

C14TAB-Ar26 aggregates C14TAB-Ar26 samples were prepared at c(C14TAB)=2.0×10−2 mol L−1 with loading ratios of
0.2≤l≤0.7, above which precipitation occurs immediately.
Figure 3 presents electric field autocorrelation functions
g1(τ) and distribution of relaxation times A(τ) for l=0.5 and
l=0.7. As l=0.7 determines the stability limit, this loading
ratio resulted to be unstable and precipitated soon.
The size range of C14TAB-Ar26 aggregates is 4.7 nm≤
RH ≤16 nm, where the hydrodynamic radius increases with
increasing l. As the sample with l=0.7 was not very time
stable and precipitated after 1 day, it is likely that the structure
of these aggregates corresponds to single micelles loaded with
dye ions acting as counterions, which in the transition range
can further interconnect micellar aggregates with time.
C16TAB-Ar26 aggregates A surfactant concentration of c(C 16 TAB) = 4.8 × 10 −3 mol L −1 was chosen to prepare
C16TAB-Ar26 samples with loading ratios 0.2≤l≤0.9 from
pre-existing micelles. In this case, the stability limit above
which precipitation occurs was found to be at l=0.9. Analysis
of the aggregates by light scattering revealed occurrence of a
main aggregate size in a range of 32 nm≤RH ≤39 nm. Only
aggregates with l=0.4 are larger with RH =74 nm. In contrast
to C14TAB-Ar26, the C16TAB-Ar26 aggregates formed do not
correspond to single micelles loaded with dye ions as the
known size of spherical C16TAB micelles is about 5 to 6 nm
in diameter, and thus also, the smaller observed size here
matches a structure of surfactant micelles connected by dye
ions [1, 69–72].
Overall, for all investigated structures, samples prepared at
surfactant concentrations slightly above the cmc mostly
showed formation of aggregates of two different sizes. The
broad size range may be understood by the fact that single
micelles loaded with Ar26 ions, Ar26-interconnected micelles
as well as surfactant monomers connected to Ar26 ions can
occur through the interplay of the different interactions. Light
scattering revealed hydrodynamic radii of 2.6 nm≤RH ≤21 nm
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Fig. 3 Electric field autocorrelation function g1(τ) and distribution of
relaxation times A(τ) for C14TAB-Ar26 aggregates at c(C14TAB)=2.0×
10−2 mol L−1 with l=0.5 and l=0.7 at θ=90°

for C12TAB-Ar26 aggregates. Higher values and multiple
peaks were observed for C14TAB-Ar26 aggregates in a size
range of 3.7 nm≤RH ≤14 nm and 28 nm≤RH ≤168 nm. For
C16TAB-Ar26 aggregates, sizes of 3.2 nm≤RH ≤10 nm as well
as 41 nm≤RH ≤51 nm in dependence on l were found. From
these different size ranges, it can be concluded that a probable
assembly structure could correspond to single micelles loaded
with Ar26 ions or a connection of several micelles through
Ar26 ions. Lowering the surfactant concentration below the
cmc leads to interaction solely between cationic surfactant
monomers and Ar26 ions and formation of aggregates in a
size range 74 nm≤RH ≤420 nm for C12TAB-Ar26 aggregates.
In case of C14TAB-Ar26 samples, two aggregate sizes with
12 nm≤RH ≤20 nm and 53 nm≤RH ≤109 nm were found.
Similarly, C16TAB-Ar26 aggregates showed sizes of 7 nm≤
RH ≤23 nm and 48 nm≤RH ≤192 nm. At concentrations exceeding the cmc, dye–surfactant aggregates are formed from
dye ions and pre-existing micelles. Here, only C14TAB-Ar26
and C16TAB-Ar26 aggregates were studied leading to size
ranges of 4.7 nm≤RH ≤16 nm and 32 nm≤RH ≤74 nm, respectively. To understand this relatively complex behavior, further
insight into dye–dye interaction, assembly charge, and structure is needed.
UV/Vis spectroscopy: analysis of π–π stacking
As light scattering showed the formation of dye–surfactant
assemblies and revealed their size, UV/Vis spectroscopy was
then performed to gain insight into inter-dye interactions accompanying aggregate formation. The pure Ar26 dye solution
spectra in Fig. 4a exhibit a maximum absorption at λmax =
505 nm. With increasing dye concentration, the spectral
shape changes and bandsplitting into H- and J-band occurs.
These changes in spectral shape and effects like
hypsochromicity are an indication for interacting dye molecules. Ar26 shows self-aggregation upon increasing dye
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concentration as discussed previously [49, 50]. The corresponding blue-shifted maxima indicate formation of face-toface aggregates, which is also called H-aggregation. The formation of a shoulder at higher wavelengths corresponds to a
red-shifted J-band due to formation of J-aggregates of the
dye. J-aggregates occur for red-shifted maxima and are described as head-to-tail aggregates in exciton theory. A possible model for the arrangement is a columnar stack with a
helical twist [49, 50, 53]. Thus, changes in the pure Ar26
solution spectrum are due to π–π stacking of Ar26 monomers
and formation of dimers or multimers.
To detect whether spectral changes are similar for all surfactants with different tail length also aggregate formation
between C16TAB monomers and Ar26 ions is monitored by
UV/Vis spectroscopy for loading ratios varying 0.12≤l≤1.95.
Figure 4c shows a hypsochromic shift of the main band absorption maximum and definite band splitting at lower loading
ratios, again indicating aggregate formation through interplay
of electrostatic, hydrophobic, and π–π interactions.
The absorbance of C12TAB-Ar26 aggregates at surfactant
concentrations below the cmc of the surfactant at different
loading ratios 0.12≤l≤1.8 is presented in Fig. 4b. Evidently,
the spectra change as a result of surfactant addition [57, 73].
The C12TAB and the Ar26 concentration in the samples were
kept low to avoid micellization and π–π stacking of the components prior to mixing. Starting from high loading ratios with
dye excess, the absorbance decreases with continuous addition of C12TAB. Spectral changes are a decrease of the dye
monomer peak, a hypsochromic shift of the main band absorption maximum corresponding to the formation of Haggregates and distinct band splitting. Those changes in absorption spectra indicate that aggregates are formed not only
through electrostatic interactions but also with π–π interactions playing a major role. Lower loading ratios show band
splitting and formation of a shoulder, corresponding to the Jband attributed to the formation of aggregates and dye π–π
stacks. As the concentration of Ar26 is low, it can be concluded that the presence of C12TAB is responsible for inducing
π–π stacking between Ar26 monomers. The spectral changes
cannot be caused by addition of salt or a change in the dielectric constant and are therefore due to electrostatic, hydrophobic, and π–π interaction between dye and surfactant [49, 50,
56]. Hence, this result is an evidence of the C12TAB-Ar26
assembly formation being based on electrostatic and hydrophobic interactions and mutual π–π interaction of the dye
ions. Similar observations were made for polyamidoamine
(PAMAM) dendrimer-Ar26 aggregates showing spectral
changes corresponding to band splitting and formation of Hand J-band due to inter-dye interactions [49, 50, 53]. Upon
addition of PAMAM, dendrimer interactions between the
polyelectrolyte and Ar26 occur leading to a hypsochromic
shift of the main band absorption, which indicates a change
in the aggregate type.
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Fig. 4 a UV/Vis spectra of Ar26 in aqueous solution with varying
concentration; b UV/Vis spectra of C 12 TAB-Ar26 aggregates at
surfactant concentration below the cmc for varying loading ratios at
c(Ar26)=4.0×10−5 mol L−1, note that l=0.9 and l=1.8 are nearly of

same intensity and are not well distinguishable; and c UV/Vis spectra of
C16TAB-Ar26 aggregates at surfactant concentration below the cmc for
varying loading ratios at c(Ar26)=3.8×10−5 mol L−1

Similar to C12TAB-Ar26 aggregates, spectroscopic measurements of C14TAB-Ar26 aggregates at surfactant concentrations below the cmc revealed band splitting and formation
of H- and J-band upon addition of C14TAB, indicating aggregation of C14TAB monomers with Ar26 ions as well as stacking of Ar26 monomers regarding lower loading ratios.

This assumption is proven as the sample with l=2.0 in fact
precipitates soon after the performed measurement. In case of
C14TAB-Ar26 aggregates with l=0.5 at a concentration of
c(C 14 TAB) = 4.6 × 10 −4 mol L −1 , a ζ-potential of ζ = +
47.2 mV was determined, leading to the conclusion that the
particles with low loading ratios (l<1) are stabilized by positive charges in solution due to an excess of positively charged
surfactant molecules. Because of the larger stability of the
C16TAB-Ar26 particles, samples with l<1 and l<1 were measured at a surfactant concentration of c(C16TAB) = 4.2 ×
10−4 mol L−1. Samples at l=0.5 with surfactant excess yield
a ζ-potential of ζ=+63.9 mV, an expressed positive value in
accordance with the observed particle stability. Samples with
l= 2.5, in contrast, exhibit a ζ-potential of ζ =−14.3 mV,

ζ-Potential: analysis of charge characteristics
ζ-Potential measurements were carried out for selected samples to determine the charge characteristics of the aggregates,
as this is expected to contribute to the stabilization of the
supramolecular assemblies in solution. An overview is shown
in Table 2. As all prepared C12TAB-Ar26 aggregates with
concentrations of c(C12TAB)=5.0×10−4 mol L−1 were unstable and precipitated soon after preparation, ζ-potential measurements were carried out only for a sample with dye excess,
in this case l=2.0. Here, a value of ζ=−18.3 mV was determined, indicating the stabilization of the particles through
negative charges. This is due to an excess of Ar26, which
leads to negatively charged particles. Further, the relatively
low value leads to the conclusion that the particles are not very
well stabilized, which corresponds to a limited time stability
due to limited repulsive forces between the charged particles.

Table 2 ζ-Potentials for C12TAB-Ar26, C14TAB-Ar26, and C16TABAr26 assemblies
Surfactant

c(CnTAB)/mol L−1

Loading ratio l

ζ-Potential/mV

C12TAB
C14TAB
C16TAB
C16TAB

5.0×10−4
4.6×10−4
4.2×10−4
4.2×10−4

l=2.0
l=0.5
l=2.5
l=0.5

−18.3
+47.2
−14.3
+ 63.9
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indicating a “stabilization” of aggregates by negative charges
due to dye excess. Due to this relatively small value, the conclusion is drawn that particles at high loading ratios are unstable due to weak repulsive forces leading to flocculation, which
is observed for this loading ratio soon after the measurement
was performed.
Assembly structures
Regarding results from light scattering, UV/Vis spectroscopy,
and ζ-potential measurements, conclusions about possible aggregate structures for the different concentration regimes can
be drawn. For dye–surfactant aggregates obtained at surfactant concentrations slightly above the cmc, the combination of
dye ions and surfactant molecules led to undefined aggregates
of broad size ranges. From the calculated RH, it was concluded
that aggregates consist either of single surfactant micelles
loaded with Ar26 ions as counterions or several surfactant
micelles connected by Ar26 ions as linkers, which would lead
to larger aggregates, as shown in Scheme 2. A probable third
structure is surfactant monomers connected by Ar26 ions leading to cylindrical-shaped aggregates.
Another possible case could be that at high surfactant concentrations, incorporation of dye ions into the surfactant micelles occurs. But, as electrostatic interactions are one major
contributing force leading to assembly formation, it is more
likely that charged Ar26 ions act as counterions for the cationic surfactant headgroup due to attractive interactions and are
not included into the micelle core. However, as the formed
dye–surfactant aggregates at concentrations above and close
to cmc are rather undefined, no further focus is put on the
structure elucidation of dye–surfactant aggregates at concentrations above the cmc.
For samples below the surfactant cmc, conditions turned
out to be more suitable for defined structure formation and

Scheme 2 Possible aggregate structures: a surfactant micelles connected
by Ar26 ions as linkers, b formation of individual surfactant micelles with
Ar26 acting as counterions near the micelle surface, and c cylindrical
surfactant–dye aggregates from cylindrical surfactant micellization with
condensed mutually π–π interacting Ar26 counterions
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hence to study and discuss the assembly formation in more
detail. Due to low surfactant concentrations, no micelle formation was possible, so that aggregates form from surfactant
monomers and dye ions. From UV/Vis spectroscopy and ζpotential, it is clear that surfactant–dye aggregates at high
dye–surfactant loading ratios are mainly influenced by electrostatic interactions as no expressed UV/Vis band splitting is
observed. Hence, the combination of surfactant monomer and
Ar26 ions will start with the formation of ion pairs and smaller
aggregates. Regarding lower loading ratios, band splitting becomes more significant, leading to the conclusion that hydrophobic and π–π interactions are introduced. Upon addition of
surfactant, hydrophobic effect of the hydrophobic tails of the
surfactant monomers is increased and π–π stacking between
dye monomers is initiated. This is schematically presented in
Scheme 3. Based on results from static light scattering leading
to RG/RH values > 1, the resulting dye–surfactant structure can
possess elongated or cylindrical structure. This is in accordance with general considerations how dye and surfactant
molecules will arrange in the aggregates due to interactions
and structural as well as geometrical limitations. Because of
differences in the length of the hydrophobic tail and resulting

Scheme 3 Illustration of surfactant–dye aggregate formation: interplay
of electrostatic interaction, hydrophobic effect, and π–π stacking
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differences in the interplay of electrostatic and short-range
attractive non-electrostatic interactions, the stability of the aggregates varies with surfactants. The instability of C12TABAr26 aggregates likely is a consequence of the interaction
between anionic Ar26 and the cationic surfactant leading to
an increasing size of the headgroup. With increasing
headgroup size, the short hydrophobic tail cannot provide further stability of the assemblies resulting in precipitation of the
aggregates. Going from 12 carbon atoms in C12TAB to 14
carbon atoms in C14TAB, the stability of the surfactant-Ar26
aggregates increases, as a slightly longer hydrophobic tail will
more and more stabilize an increasing headgroup during interaction with Ar26 through a geometrical suitable longer alkyl chain. Therefore, aggregates consisting of surfactants with
longer hydrophobic tails not only show stronger hydrophobic
interactions but also higher stability.
A closer insight into the shape and structure of selfassembled aggregates is gained by SANS measurements.
Overview on the here presented SANS results are given in
Table 3.
First, SANS has been carried out for C16TAB micelles in
aqueous solution with high ionic strength but without added
dye to test whether a change in micelle shape will result from
high salt concentration. In general, a change in micelle shape
from spherical to elongated can be achieved by adding high
amounts of electrolytes. Figure 5 depicts the SANS curve and
its analysis through the pair distance distribution function P(r)
for a sample containing C16TAB and KBr with c(C16TAB)=
0.5 g L−1 and c(KBr)=7.0×10−4 mol L−1. From the P(r) function, conclusions about the shape and the particle dimensions
are drawn [74]. In this case, the depicted P(r) curve shows the
typical shape of spherical particles. From the intercept of the
curve with the x-axis, the diameter of the spherical micelles is
obtained, revealing a value of 6.0 nm, as shown in the inset.
Fitting of the SANS curve with a homogenous sphere model
yields a micelle radius of 2.2 nm, which is slightly smaller
Table 3 SANS results including
dimensions resulting from
Guinier, P(r), and model fit
analysis

than what was obtained using the P(r) analysis while
confirming spherical micellar shape. Hence, it is proven that
C16TAB surfactants form spherical micelle structures in KBr
containing aqueous solution at similar surfactant concentrations as used for SANS measurements of dye–surfactant
assemblies.
With this, it is shown that electrolytes as KBr in a comparable concentration range do not change the spherical micelle
shape to cylindrical. This is in accordance with studies showing that only very high surfactant and electrolyte concentration change the micelle shape from spherical to cylindrical
[69–71]. The radius of the spherical C16TAB micelles expected from the molecular dimensions is 2.5 nm, which is in
agreement with reported values of 5 to 6 nm for the diameter
of a homogenous spherical micelle [1, 69–72].
Further, SANS for selected C16TAB-Ar26 aggregates at
surfactant concentrations of c(C16TAB)=0.5 g L−1 were performed. The SANS curve of C16TAB-Ar26 aggregates with
loading ratio l=0.7 is depicted in Fig. 6. It gives evidence of
the cylindrical shape of the aggregates as the slope for the
intermediate q range turns out to be −1.15. A Guinier plot
for cylindrical objects (Fig. 6b) was then used to confirm the
structure. It shows a linear behavior indicating cylindrical
shape. Accordingly, other Guinier plots for spherical or disklike aggregates did not show a linear behavior. From the slope
of the cross-section Guinier plot, it is possible to calculate the
cross-section radius of gyration R G,c as R G,c = 1.8 nm.
Converting this RG,c into an approximate diameter of the cylindrical aggregates in assumption of a homogenous structure
results in a diameter of d=5.1 nm. The dimensions for the
cylindrical aggregates are therefore 440 nm in length and
5.1 nm in diameter as depicted in the inset of Fig. 6a. Applying a cylindrical model to fit the SANS curve depicted in
Fig. 6a reveals a cylinder length of 440 nm and a radius of
the structure of 2.3 nm. Hence, SANS data reveal cylindrical
shape for the surfactant–dye associates at concentrations close

System

Surfactant concentration

Shape

Cross-section Guinier analysis

Dimensiona

C16TAB + KBr
C16TAB-Ar26

0.5 g L−1
0.5 g L−1

Spherical
Cylindrical

–
RG,c =1.8 nm

d=5.5 nm
r=2.3 nm

l=0.7
C16TAB-Ar26

0.5 g L−1

Cylindrical

d=5.1 nm
RG,c =1.8 nm

L=440±3 nm
r=2.2 nm

l=0.5
C16TAB-Ar26

0.2 g L−1

Cylindrical

d=5.1 nm
RG,c =1.8 nm

L=60±1 nm
r=2.3 nm

l=0.7
C14TAB-Ar26

2 g L−1

Cylindrical

d=5.1 nm
RG,c =1.7 nm

L=400±20 nm
d=4.7 nm

RG,c =2.0 nm

L>153 nm
d=5.6 nm

l=0.7
C14TAB-Ar26

−1

2gL

l=0.5
a

Dimensions from P(r) and model fit analysis

Cylindrical

L>233 nm
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Fig. 5 a SANS curve for C16TAB micelles in aqueous solution of high ionic strength with c(C16TAB)=0.5 g L−1 and c(KBr)=7.0×10−4 mol L−1 and b
P(r) analysis showing a spherical shape of micelles

to the cmc, which is in agreement with the RG/RH >1 from
light scattering measurements.
Reported values for the fully stretched length of C16TAB
surfactant molecules are 2.2 to 2.45 nm, a value comparable to
what we found as a radius [1, 72]. From this, it can be concluded that the calculated diameter of the cylindrical aggregates corresponds to two hydrophobically connected surfactant molecules, which are, in turn, connected to two Ar26 ions
on the outside. Further, reported dimensions for cylindricalshaped C16TAB aggregates at high ionic strength are 2.3 nm
in radius and up to 50 nm in length [68, 73], demonstrating
smaller values than those obtained for C16TAB-Ar26 aggregates from SANS data, which leads to the conclusion that the
Ar26 dye not only acts as counterion but is part of the assembly formed.
In analogy, SANS data of C16TAB-Ar26 aggregates with
l=0.5 were analyzed as shown in Fig. 7. In this case, the slope
of the log/log scattering curve is determined to be −1.16, again
indicating formation of cylindrical structures. Here, a cylinder

length can be approximately estimated as this curve levels off
at smaller q. According to
2π
q
the length of the cylinder lies around 60 nm and is therefore smaller than what was found for l = 0.7. From a
Guinier plot, the cross-section radius of gyration RG,c is
determined to be 1.8 nm, corresponding to an approximate
diameter of a homogenous cylinder of 5.1 nm. The cylinder shape is confirmed by the model-free P(r) analysis, as
depicted in Fig. 7c. The cylinder length from the P(r), that
is, the maximum dimension where P(r) decays to zero, is
about 58 nm, while the diameter can be roughly estimated
as 5 nm (inflection point). In addition, fitting the SANS
curve with a cylindrical model shows good consistency
with the data (fit also shown in Fig. 7a). Here, one obtains
the length and the radius of the cylindrical aggregates with
60 and 2.2 nm, respectively.
L¼

Fig. 6 a SANS curve for C16TAB-Ar26 aggregates of l=0.7 at c(C16TAB)=0.5 g L−1 fitted with a cylindrical model (red), inset: cylinder dimensions
calculated from SANS data and b cross-section Guinier plot for C16TAB-Ar26 aggregates of l=0.7 at c(C16TAB)=0.5 g L−1 showing linear behavior

602

Colloid Polym Sci (2016) 294:591–606

Fig. 7 a SANS curve for C16TAB-Ar26 aggregates of l=0.5 at c(C16TAB)=0.5 g L−1 fitted with a cylindrical model (red), inset: cylinder dimensions
calculated from SANS data; b cross-section Guinier plot showing linear behavior; and c P(r) analysis proofing cylindrical shape

As the amount of Ar26 added to C16TAB decreases with
the loading ratio, it is likely that less Ar26 is bound in the
aggregates leading to shorter cylinders as in the presence of
a larger amount of dye. In C16TAB-Ar26 aggregates at l=0.7
and l=0.5, two surfactants are hydrophobically connected and
bound to one Ar26 ion, which leads to a diameter of about
5.1 nm. It may also be that the surfactants are not fully
stretched and together with one Ar26 ion lead to a smaller
diameter. This also is in accordance with the reported values
of cylindrical-shaped C 16TAB aggregates at high ionic
strength [75, 76]. Regarding SANS measurements of
surfactant-Ar26 aggregates with the shorter surfactant
C14TAB, with l=0.7 and l=0.5 at concentrations slightly
above the cmc, also cylindrical-shaped aggregates are found.
The SANS curve reveals a slope of −1.14 and −1.22, respectively, indicating the cylindrical shape which is further proven
by the linear behavior of the Guinier plot for elongated
objects.4
Further, SANS measurements on C16TAB-Ar26 aggregates at surfactant concentrations of c(C16TAB)=0.2 g L−1
4

For aggregates with l=0.7, dimensions of at least 153 nm in length and
4.7 nm in diameter were found whereas aggregates with l=0.5 were at
least 233 nm in length and 5.6 nm in diameter.

were performed to validate the cylindrical shape of dye–surfactant aggregates at surfactant concentrations below the cmc
as suggested by static light scattering measurements. The
SANS curve of C16TAB-Ar26 aggregates of l=0.7 as depicted
in Fig. 8a proves the cylindrical shape of the aggregates as its
intermediate q range shows a slope of −1.1. A Guinier plot for
elongated objects shows a linear behavior leading to a crosssection radius of gyration of RG,c =1.8 nm. Calculating an
approximate diameter of the cylindrical aggregates in assumption of a homogenous structure results in a diameter of d=
5.1 nm. Therefore, the final dimension of C16TAB-Ar26 aggregates below cmc at l=0.7 are 400 nm in length and 5.1 nm
in diameter as depicted in Fig. 8a. Regarding the dimensions
of the aggregates, the diameter again corresponds to two
hydrophobically connected surfactant monomers with Ar26
ions electrostatically connected to the headgroups of the surfactants. Again, modeling the SANS curve shown in Fig. 8a
with a cylindrical model reveals a cylinder length of 400 nm
and an aggregate radius of 2.3 nm.
Consequently, not only aggregates at surfactant concentrations slightly above the cmc show cylindrical
shape but also the cylindrical shape is preserved when
lowering the surfactant concentration and forming surfactant–dye aggregates from surfactant monomers. In
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Fig. 8 a SANS curve for C16TAB-Ar26 aggregates of l=0.7 at c(C16TAB)=0.2 g L−1 fitted with a cylindrical model (red), inset: cylinder dimensions
calculated from SANS data and b cross-section Guinier plot showing linear behavior

addition, cylindrical-shaped aggregates are formed independent of the length of the hydrophobic chain for
C16TAB-Ar26 aggregates as well as for dye–surfactant
aggregates formed by C14TAB.
Scheme 4 shows the cylindrical structures of the
dye–surfactant assemblies as consistent with the SANS
results. A cylindrical micelle arrangement of surfactant
is caused by the hydrophobic effect, with the hydrophilic headgroups electrostatically connected to Ar26 ions
pointing toward the bulk solution, where π–π stacking
of the Ar26 ions then manifests the cylindrically shaped
aggregate.
Thus, evidently, the cylindrical shape of dye–surfactant
assemblies results from aggregate formation between Ar26
ions and C16TAB monomers due to electrostatic interaction,
hydrophobic effect, and π–π stacking. In addition, the dye/
surfactant ratio can be used to tune the exact geometry of the
cylindrical aggregates.

Scheme 4 Hydrophobically connected surfactants induce π–π stacking
of Ar26 ions, leading to the formation of cylindrically shaped aggregates
of different length: a at high dye/surfactant loading ratio and b at low
dye–surfactant loading ratio

Isothermal titration calorimetry: analysis
of thermodynamic parameters
Isothermal titration calorimetry (ITC) is a powerful tool to
obtain thermodynamic parameters of a molecular binding process including information on intermolecular interactions and
binding equilibria. Therefore, thermodynamic measurements
of surfactant–dye aggregate formation using isothermal titration calorimetry were performed to gain quantitative insight
into the interplay of electrostatic, hydrophobic, and π–π interaction energies contributing to the structure formation.
First, dilution experiments on C16TAB micelles were performed to investigate the micellization and to determine the
thermodynamic surfactant parameters which may contribute
to the surfactant–dye aggregation. Micellization will strongly
be influenced by surfactant structure as well as concentration
and temperature, characteristic values known as critical micelle concentration and Krafft temperature. For micellization
experiments of C16TAB, the surfactant was diluted from a
high concentration into water measuring the release or absorption of heat during dissociation of micelles [77, 78]. ITC data
revealed an endothermic process; formation of C16TAB micelles is therefore exothermic. The calculated thermodynamic
parameter for the enthalpy of micellization is ΔH mic =
−8.0 kJ mol−1 and the cmc value of C16TAB was determined
to be c(C16TAB)=9.72×10−4 mol L−1. Regarding the massaction model for ionic surfactants, which assumes dissociation
equilibrium between micelles and monomer, the free energy
of micellization is calculated to be ΔGmic =−33.7 kJ mol−1 [79,
80]. With this, the change of entropy during micellization is
determined to be ΔSmic =+87.2 kJ−1 mol−1, a positive value
representing an entropically driven process [81, 82]. Further,
the aggregate formation of Ar26 and CnTAB surfactants of
different chain length should be discussed [83]. Only
C16TAB-Ar26 and C14TAB-Ar26 aggregate formations were
studied as C12TAB-Ar26 aggregates are unstable. Surfactant
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ITC titration results for surfactant–dye interaction

Surfactant

ΔHsurfactant-dye/kJ
(mol dye)−1

Ndye/
(mol dye)−1

Ksurfactant-dye/L mol−1

ΔGsurfactant-dye/kJ
(mol dye)−1

TΔSsurfactant-dye/kJ
(mol dye)−1

C16TAB (cell)
C16TAB (syringe)
C14TAB (cell)

−22.0
−20.0
−28.8

0.38
0.32
0.30

3.2×106
3.6×106
9.8×105

−37.1
−37.4
−34.2

15
17
5

concentrations were chosen to be below cmc to ensure aggregate formation only by surfactant monomers. In addition, the
Ar26 concentration was kept below a value of c(Ar26)=2×
10−4 mol L−1 to avoid formation of dye dimers and multimers
prior to association with the surfactant. The binding process
between surfactant and dye then takes place from monomers
of dye and surfactant only. No experiments were performed
above cmc as aggregates are unstable and result in precipitation in the measuring cell. Experiments were carried out by
titrating a surfactant solution (in the cell) with Ar26 (in the
syringe, “ligand”) and vice versa, proving that the mixing
order is not crucial for formation of aggregates and determination of thermodynamic parameters. Table 4 summarizes
thermodynamic parameters determined by a one-site model
for different titration experiments.
Figure 9 shows ITC data, revealing a dye binding stoichiometry of Ndye =0.38 (dye molecules per surfactant molecules) for C16TAB-Ar26 aggregates. The determined stoichiometry value corresponds to a loading ratio of l=0.77 (dye
charges per surfactant charges). Exothermic values for the
association enthalpy ΔHsurfactant-dye indicate an enthalpically
driven process determined by contributions of electrostatic
interactions between charged dye and oppositely charged surfactant headgroup, possibly influenced by “dye dimers” by
π–π stacking of Ar26. Main driving force for dye–surfactant
aggregation is the enthalpy gain associated with structure formation, while entropic effects contribute to the driving force
toward aggregation [34]. The free enthalpy gain of micellization is mostly due to only hydrophobic effects. Earlier studies
on PAMAM dendrimer–dye aggregation demonstrated that
ΔGdendr-dye is composed of the contributions of electrostatic
interactions between dendrimer and non-stacking sulfonate
compounds as well as secondary dye–dye π–π interactions,
implying that binding between dendrimer and dye is majorly
based on those interactions [34, 37]. This approach is not
possible for the surfactant–dye aggregates studied here due
to a more complex interplay of more types of interactions
including π–π and “hydrophobic interactions.” The positive
entropic contribution reflects the strong influence of the hydrophobic effect leading to aggregate formation and removal
of alkyl chains from water similar to what is known for the
micellization process. In comparison, for C14TAB–dye association, a more exothermic ΔHsurfactant-dye is found. Considering the TΔSsurfactant-dye for both systems, it turns out that the

formation of C16TAB-Ar26 aggregates is more entropically
driven with a TΔSsurfactant-dye value three times higher than
for the C14TAB-Ar26 systems. That means, in both cases,
both entropy and enthalpy act in the same direction driving
the association, with a shift toward the enthalpic contribution
for the shorter surfactant tail. The entropy gain is more pronounced for C16TAB-Ar26 due to a longer surfactant hydrophobic tail releasing more water molecules when forming aggregates. The entropy gain for C14TAB-Ar26 also is less distinct as formation of a higher concentration of slightly smaller
aggregates is accompanied by a larger amount of ordered water molecules around the surfactant headgroups. Despite the
differences in ΔHsurfactant-dye and TΔSsurfactant-dye, the free energy gain ΔGsurfactant-dye is similar for the two systems. Comparing binding strengths Ksurfactant-dye more closely, a slightly
stronger binding is exhibited by C16TAB-Ar26, which is in
agreement with the stability of the aggregates being higher
than for the samples with shorter tail surfactants. Another
difference in C14TAB-Ar26 assembly is the somewhat smaller
binding stoichiometry of Ndye = 0.30 corresponding to a

Fig. 9 ITC data for titrating C16TAB solution with Ar26 solution at
c(C16TAB)<cmc including raw heat traces as well as the integrated heat
per injection versus ratio between ligand and macromolecule
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loading ratio of l=0.60, which is in accordance with the structural results indicating less Ar26 bound in a cylindrical
C14TAB-Ar26 aggregate.

Conclusion
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ABSTRACT

A new type of functional supramolecular assembly is formed by combining cationic porphyrin
(TAPP) and the anionic generation 7.5 (G7.5) poly(amidoamine) (PAMAM) dendrimer in
aqueous solution at basic pH. The interplay of non-covalent interactions is used as a key to
control the formation of supramolecular structures and thereby to improve the photocatalytic
activity of the porphyrin. The porphyrin-dendrimer assemblies show pH responsiveness. Their
size, shape and internal structure are controlled by varying the loading ratio. Structures were
analyzed by light scattering, small-angle neutron scattering, ζ-potential measurements, UV/Vis
and fluorescence spectroscopy and atomic force microscopy. The assemblies show structures
with high quantum yield which makes them suitable for light harvesting processes, for example,

1

in solar energy conversion. As a photocatalytic model reaction, the degradation of the anionic
dye methyl orange is investigated, showing differing interactions with the assemblies based on
their charge. A substantially enhanced photocatalytic activity was found.

INTRODUCTION
Self-assembly is a fascinating and effective method to design new materials.1–4 The idea of using
small molecules with different functionalities to form nanoparticles with desired properties is of
high potential for catalysis and solar energy conversion.5–10 The catalysts’ efficiency can be
enhanced by combining two or more building blocks with differnt properties.11–13 The interplay
of non-covalent interaction forces including electrostatic interaction, hydrogen bonds,
van-der-Waals forces and geometric effects is a key to various well-defined self-assembled
nanostructures.14–19 Such soft materials for different applications can be formed by polymers
which provide different functionalities,20–23 leading to a variety of morphologies.24,25 Another
promising group of building blocks for self-assembly are porphyrins, which are well-known
photosensitizers in nature where they are responsible for the light collection by chlorophyll in
leafs. Currently, porphyrins are of high interest for solar energy conversion.26–30 We have shown
that cationic 5,10,15,20-tetrakis(4-trimethylammoniophenyl) porphyrin tetra(p-toluenesulfonate)
(TAPP)

and

5,10,15,20-tetrakis(1-methyl-4-pyridinio)

porphyrin tetra(p-toluenesulfonate)

(TMPyP) assemble with PSS-polyanions based on electrostatic interactions31–34 and exhibit a
higher photocatalytic activity for the oxidation of iodide to triiodide than the porphyrin only. 10
Porphyrins have also been incorporated into dendritic structures, where they were used as light
absorbing molecule in the core or at the periphery of the dendrimers.35–37
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Several influences like the pH of the solution, the porphyrin concentration and the ionic strength
may promote self-aggregation of water-soluble porphyrins. It is well reported that the Soret
signal of porphyrins can indicate self-aggregation due to its sensitivity to changes in the
electronic structure.38–40 Porphyrins can either build H-aggregates stacked in parallel as evident
from a hypochromic shift or J-aggregates which show a bathochromic shift in the absorption
spectra resulting from a decrease of the HOMO-LUMO gap.41,42 TAPP does not self-aggregate
due to its four positive charges leading to repulsion.43 However, by adding oppositely charged
polyelectrolytes or surfactants the repulsion of the permanent charges on the porphyrins can be
overcome and porphyrins aggregate due to π-π interaction, the hydrophobic effect and the
neutralization of the charges by electric interactions.44–48 Several studies on self-assembled
supramolecular dendrimer-porphyrin aggregates exist.49–51 The self-stacking of porphyrins
resulting in H- and J-aggregates, which also plays a role for the light harvesting properties, has
been analysed for porphyrins in solution52 as well as in solutions of assemblies with
surfactants,53,54 crown esters55 and dendrimers.56–58 H-aggregates quench the fluorescence by a
rapid internal conversion to the lower energy level.42,59–61 Previous studies focus on the
aggregation behavior of porphyrins in the self-assembled aggregates only, while the
nanostructure and the internal structure of the self-assembled aggregates has not been
considered. Moreover, this study goes one step further and shows the advantage of such
assemblies in photocatalysis.
Goal of this study is to fundamentally investigate the nanostructure of dendrimer-porphyrin
assemblies, elucidate the tunability of their optical properties and study the use of these
aggregates in photocatalysis. This may represent a step towards more versatile and potentially
improved catalysts. The focus lies on TAPP-dendrimer assemblies with dendrimers of
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generation 7.5, while TMPyP-G7.5 and TMPyP-G6.5 and TAPP-G6.5 have also been
investigated. The building blocks are depicted in Scheme 1.

Scheme 1. Tools for the self-assembly: Chemical structure of building blocks for self-assembly:
TAPP and PAMAM dendrimer generation G4.5 with ethylene diamine core; (G7.5 dendrimers
were used in this study) and the dye methyl orange used for degradation in the photocatalytic
model reaction.

EXPERIMENTAL SECTION
Chemicals. G7.5 dendrimer with ethylene diamine core was obtained from Dendritech as a
solution of 5 wt.% in methanol. TAPP was purchased from Sigma-Aldrich with an analytical
grade of 90%. Methylene blue and methyl orange were purified by recrystallization to yield a
dye content of ≈ 100 %. To prepare samples and stock solutions, deionized water was used,
which was filtered through two hydrophilic PTFE filters of a pore size of 0.2 μm.
Preparation of Porphyrin-Dendrimer-Aggregates. Stock solutions of TAPP were prepared by
dissolving an appropriate amount of porphyrin in neutral deionized filtered water to yield an
exact concentration. The porphyrin stock solutions were filtered by a 0.2 µm hydrophilic PTFE
filter just before sample preparation. Stock solutions of G6.5 dendrimer and G7.5 dendrimer
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were prepared by dissolving the dendrimer solution in deionized and filtered water and adjusting
the solutions to pH 11 by adding 1 M NaOH. All samples were prepared by adding an
appropriate amount of porphyrin to the water at pH 11. Then dendrimer stock solution was added
drop by drop while stirring. For catalysis, dye stock solution was added. If necessary, the pH of
the samples was adjusted afterwards by adding 1 M NaOH or 1 M HCl. For small-angle neutron
scattering (SANS) and NMR spectroscopy, stock solutions of G7.5 and the TAPP were prepared
in D2O and the pH was adjusted with NaOD. Samples for photocatalysis were kept in darkness
prior to further investigations. The irradiation was performed with a 300 W halogen lamp from
esylux with a visible spectrum similar to daylight.
Light Scattering. Light scattering experiments were carried out on an ALV CGS 3 goniometer
with ALV 5000 correlator (ALV Langen, Germany) equipped with a HeNe laser with a
wavelength of λ = 632.8 nm and 20 mW output power. For dynamic light scattering an angular
range of 30° ≤ θ ≤ 150° is measured in 10° steps. In dynamic light scattering, the electric field
autocorrelation g1 (q, τ) was calculated from the resulting intensity autocorrelation function
g2 (q, τ) by the Siegert relation. After that g1 (q, τ) was analyzed by inverse LaPlace
transformation using the program CONTIN by S. Provencher62 to yield the distribution of
relaxation times A(τ). Based on this the apparent diffusion coefficients Dapp could be calculated.
By plotting Dapp against q2 and subsequent extrapolation to zero the diffusion coefficient D was
obtained. Via the Stokes-Einstein relationship the diffusion coefficient was converted into the
hydrodynamic radius RH . In static light scattering, the average sample, solvent (water) and
standard (toluene) scattering intensity were recorded in dependence on the scattering angle.
According to the Zimm equation, the radius of gyration R G was determined by linear regression
analysis.
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UV/Vis Spectroscopy. UV/Vis spectra were recorded with a UV/Vis spectrometer UV 1800
from SHIMADZU. The slit width was 1 nm and quartz cuvettes from Hellma/Müllheim with 1
and 10 cm path length were used to investigate samples in a spectral range reached of
200 nm ≤ λ ≤ 800 nm.
ζ-Potenial. The ξ-potentials of nanoparticles were measured at a Zetasizer Nano ZS from
Malvern Instruments. For each measurement three runs of 60 s were performed. The
Smoluchowski formula was used to determine the electrophoretic mobility and the ζ-potential.
Atomic Force Microscopy (AFM). A freshly cleaved mica substrate was functionalized by
incubating a ~ 50 μl droplet of (3-aminopropyl)triethoxysilane (APTES) with c(APTES) = 0.05
vol%, rinsing the mica with water and drying it in air. APTES is then covalently bound to the
mica surface yielding positively charged amino groups on the surface which are more favorable
to bind negatively charged TAPP-G7.5 particles. AFM samples were prepared by spin-coating.
3 μl TAPP-dendrimer aqueous solution with c(TAPP) = 2.0 · 10-5 mol l-1 were put on a mica
plate and spin coated for 60 s by doing a speed ramp which contains steps from 0 rpm to 1400
rpm, 1400 rpm to 1600 rpm and 1600 rpm to 5000 rpm. AFM images were recorded in air with
an AFM from NanoSurf (Boston, USA) in non-contact mode with a scan range 10 μm or 3 μm
and 512 measuring points per line. The time/line result was adjusted to 0.5 s with a loop-gain of
11. The images were analysed with the software WSxM 4.0 Beta 7.0.63
Fluorescence Spectroscopy. Fluorescence spectroscopy was performed by using a Horiba Yvon
Jobin fluorescence spectrometer with an excitation wavelength of λ = 405 nm and a slit width of
5 nm. The integration time was 0.1 s. The emission mode was set on 415 nm ≤ λ ≤ 800 nm.
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Small-Angle Neutron Scattering (SANS). SANS measurements were performed at beamline
D11 at the Institut Laue-Langevin, Grenoble, France. Three configurations with neutron
wavelength λ = 6 Å and sample-detector distances d of 1.2 m, 8 m and 39 m were used. The
wavelength spread (∆λ/λ) was 0.09. A total scattering vector range of: 0.01 nm–1 < q < 5 nm–1
was investigated. The SANS intensity can be described as: I(q)= ϕ VNP (ΔρSLD )2 P(q), where
VNP is the nanoparticle volume, ΔρSLD the difference in scattering length density between the
nanoparticle and the solvent and P(q) the nanoparticle form factor. The latter parameter describes
the nanoparticle shape. In the case here, the experimental intensity has been modeled as the sum
of the contributions of two different nanoparticles: a sphere and an elliptical cylinder. For a
sphere with radius r, the form factor P(q) is:64,65

P(q) = (3

𝑠𝑖𝑛 𝑞𝑟−𝑞𝑟 𝑐𝑜𝑠 𝑞𝑟 2
)
(𝑞𝑟)3

(1)

While for the elliptical cylinder the intensity can be written as:66

I(q) =

ϕ
VNP

∫ dψ ∫ dϕ ∫ p(θ,ϕ,ψ)P(q,α,ψ) sin θ dθ

With the functions: P(q,α,ψ) = (2

𝐽1 (𝑎) 𝑠𝑖𝑛 𝑏 2
) ,
𝑎
𝑏

(2)

2
2
a = q sin α √rmajor
sin2 ψ +rminor
cos 2 ψ and

L

b=q 2 cos α. The polydispersity has been used as fixed parameter in the fit. Good agreement with
the experimental results has been obtained using 0.2.
NMR: 1H-NMR (300 MHz) was recorded on a Bruker Avance DPX 300 NMR spectrometer at
ca. 25 °C. In 1H NMR spectra, chemical shifts δ are referenced to the residual solvent peak 4.69
ppm in D2O.
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RESULTS AND DISCUSSION
TAPP-dendrimer self-assembled aggregates have been prepared by combining the cationic
porphyrin and oppositely charged PAMAM dendrimer G7.5 with different loading ratios in
aqueous solution. The loading ratio is defined as charge ratio of the fully charged molecules:

l=

c (porphyrin) · 4
c (dendrimer) · 1024

with c the molar concentration. Titration experiments revealed deprotonation of all carboxylate
groups of G7.5 at pH 11.With that, the dendrimer possesses 1024 negative charges and the
loading ratio is equal to the charge ratio. Before the catalytic activity is investigated, the size,
form and the inner structure of the TAPP-dendrimer soft-nanoparticles were analyzed.
Nanostructure Analysis
Exemplarily for the size and shape determination of the aggregates by light scattering an electric
field autocorrelation function g1(τ) and the distribution of relaxation times A(τ) are depicted in
Figure 1 for TAPP-G7.5 dendrimer aggregates with l = 0.05 at pH 11.
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Figure 1. Dynamic light scattering of TAPP-G7.5 dendrimer aggregates at pH 11 with l = 0.05 at
pH 11, c(TAPP) = 2.0 · 10-5 mol l-1: electric field autocorrelation function g1(τ) and distribution
of relaxation times A(τ) at scattering angle θ = 90°; RH = 93 nm with an average distribution width
of σ = 0.26.

The autocorrelation function g1(τ) gives a size of RH = 90 nm for the main TAPP-G7.5
dendrimer particle species. The decay at larger τ is a feature of very few large particles
(RH ≈ 1000 nm) and the decay at smaller τ can be attributed to a small amount of unbound
dendrimer with RH = 5 nm. The TAPP-dendrimer assemblies have a narrow size distribution and
form defined aggregates. To understand the influence of the dendrimer amount on the selfassembly, it is elucidating to investigate aggregates with a constant dendrimer concentration
c(G7.5) = 1.5 · 10-6 mol l-1 and varying loading ratio. Light scattering results for TAPP-G7.5
dendrimer aggregates of constant dendrimer concentration determined by light scattering are
given in Figure 2. Similar results are found upon inverting the order of the addition of the
building blocks indicating a thermodynamically controlled process.67
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Figure 2. a) RH and b) RG of TAPP-G7.5 dendrimer aggregates at pH 11 depending on the
loading ratio l , c(G7.5) = 1.5 · 10-6 mol l-1.

The size of the particles is constant for all l < 0.7 showing hydrodynamic radii of RH ≈ 100 nm.
At l ≥ 0.7 a very broad size distribution as well as precipitation of the samples is found. R G/RH,
which is a parameter characteristic of the particles shape, varies between 0.18 ≤ RG/RH ≤ 0.53
indicating a change in the structure of the aggregates. Hence, the particles are formed by
dendrimer molecules becoming interconnected by porphyrins acting as linkers. At high loading
ratios, there is a high TAPP concentration so all particles become linked and precipitate. Further,
samples with a constant porphyrin concentration are analyzed since the catalytic activity of these
samples can be well compared. Figure 3 depicts the behavior of RH and RG for TAPP-dendrimer
aggregates depending on the loading ratio with a constant porphyrin concentration
c(TAPP) = 2.0 · 10-5 mol l-1.
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Figure 3. a) RH and b) RG of TAPP-G7.5 dendrimer aggregates at pH 11 depending on the
loading ratio l with c(TAPP) = 2.0 · 10-5 mol l-1; scattered line are lines to guide the eye; l = 0.05
has a dendrimer concentration of c(G7.5) = 1.5 · 10-6 mol l-1 that is equal to the TAPP-dendrimer
aggregate of l = 0.05 with constant dendrimer concentration.

Both RH and RG show a minimum around l ≈ 1.0, that is, is at charge compensation. The RH
decreases from RH = 300 nm at l = 2.0 to RH = 50 nm at l = 1.0, indicating more densely packed
aggregates or smaller aggregation numbers. Varying the loading ratio between 0.05 ≤ l ≤ 0.8
aggregates with hydrodynamic radii of 80 nm ≤ RH ≤ 140 nm are found, with a slight increase in
size with increasing loading ratio. TAPP-G7.5 dendrimer aggregates with l > 1, where the
positively charged TAPP is predominant, show a broader size distribution and larger values for
RH between 200 nm ≤ RH ≤ 300 nm. Similar results for the size of the TAPP-dendrimer
aggregates are found upon inverting the order of the addition of the building blocks, again
proving a thermodynamically controlled process.67 The overall small values for RG compared
with the values of RH lead to a noticeable small RG/RH ratios of 0.06 < RG/RH < 0.5, which
remains small even when one considers the different sizes of samples. The small RG/RH ratios
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indicate a network-like microgel-structure with a denser core for TAPP-G7.5 dendrimer
aggregates.68–70 A few larger aggregates (RH > 1000 nm) in TAPP-G7.5 dendrimer samples
could not be removed with neither filtration nor centrifugation, which again indicates their
network-like structure of low density. This may be in analogy to network-like aggregates found
previously.71,72
The light scattering intensities of TAPP-G7.5 dendrimer aggregates, depicted in Figure 4, further
indicate changes in size and soft nanoparticle number. Given the only slightly increasing RH, the
strong decrease in the scattering intensity between 0.05 ≤ l ≤ 0.6 must correspond to a decreasing
number of particles or a dramatic change in the particles’ shape. With increasing l, the larger
particle size leads to a higher scattering intensity. By normalizing the scattering intensity with
the particle size assuming a simple I ~ RH6 relationship, a particle number density results. It
becomes clear that the number of aggregates for l > 0.5 stays constant as the amount of free
TAPP monomers in solution, whose presence is concluded from the following ζ-potential
measurements, decreases with increasing the number of assemblies. For l < 0.2 the number of
aggregates increases strongly.
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Figure 4. Extrapolated light scattering intensity and the RH6-normalized extrapolated light
scattering intensity of TAPP-G7.5 dendrimer aggregates in aqueous solution with
c(TAPP) = 2 · 10-5 mol l-1 at pH 11.

For a further understanding of interactions and aggregation behavior in the TAPP-dendrimer
photocatalyst system, ζ-potential measurements were performed. Figure 5 gives the measured
ζ-potential values together with their standard deviations.

Figure 5. ζ-potential of TAPP-G7.5 dendrimer aggregates in aqueous solution with
c(TAPP) = 2 · 10-5 mol l-1

at

pH

11

and

TAPP-G7.5

dendrimer

aggregates

with

c(G7.5 dendrimer) = 1.5 · 10-6 mol l-1.
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All TAPP-G7.5 dendrimer aggregates show a negative ζ-potential indicating a dominant effect of
the negatively charged dendrimer even in presence of an excess of positively charged TAPP. For
high loading ratios it approaches ζ = -8.9 mV. The ζ-potential of the dendrimer only in solution
is ζ= -44.0 ± 2.2 mV. For a more quantitative comparison of the different loading ratios it is
useful to take the particles size into account. Particle charge Qeff and effective surface charge
density σeff are calculated:73–75
Qeff = 4π · ε0 εwater · ζ · RH

σeff =

ε0 · εwater · ζ
RH

(3)

(4)

where ε0 is the dielectric constant of water and εwater is the electric permittivity of water.

Figure 6: a) particle charge Qeff and b) effective surface charge density σeff resulting from
ζ-potential measurements; black squares: TAPP-G7.5 dendrimer aggregates in aqueous solution
with c(TAPP) = 2 · 10-5 mol l-1 at pH 11; and red circles: TAPP-G7.5 aggregates in aqueous
solution with c(G7.5 dendrimer) = 1.5 · 10-6 mol l-1 at pH 11.
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Qeff and σeff behave similarly to the ζ-potential, approaching a value around zero but do not
become positive, as Figure 6 shows. For l = 0.05 the particles exhibit the most negative Qeff and
σeff due to the excess off G7.5 dendrimer. The surface of the aggregates with l = 2.0 is larger and
the ζ-potential smaller due to an increasing amount of cationic porphyrin attaching, so that the
effective surface charge density is quite small but still negative. Hence, the aggregates are still
dominated by G7.5 dendrimer and form dendrimer-rich soft nanoparticles even at an excess of
TAPP in solution. As a consequence, free TAPP molecules have to be present in solution. For
l > 2.0, Qeff and σeff cannot be calculated since an RH cannot be determined by light scattering
measurements due to a very broad size distribution. Samples with a constant dendrimer
concentration show an equal behavior, indicating that the the loading ratio is the crucial
controlling parameter.
AFM allows to image the TAPP-G7.5 aggregates on an APTES functionalized mica surface for
l = 0.05 and l = 1.6, which is shown in Figure 7.
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Figure 7. AFM images of spin-coated TAPP-G7.5 dendrimer aggregates at pH 11 (a) l = 0.05
and c(TAPP) = 2 · 10-5 mol l-1 on an APTES (0.2 vol%) functionalized mica surface; (b) l = 1.6
and c(TAPP) = 1 · 10-5 mol l-1 on an APTES (0.2 vol%) functionalized mica surface.

Figure 7a shows TAPP-G7.5 aggregates with l = 0.05 with a slightly elongated shape and a
diameter of 150 nm ≤ d ≤ 250 nm. At l = 1.6 (Figure 7b) elongated particles of the same size in
addition to particles of 300 nm ≤ d ≤ 500 nm arranged into larger structures of a size up to d =
800 nm. For both loading ratios, the volumes of the AFM structures are significantly smaller
than the volume of the TAPP-G7.5 dendrimer particles in solution as found by light scattering
since the network-structures substantially shrink upon drying during AFM sample preparation.
Further insight into the shape and structure directly in solution of self-assembled TAPP-G7.5
dendrimer assemblies with l = 0.05 is gained by SANS. The result is depicted in Figure 8a. The
curve is composed of two different contributions: a first one around q = 0.3 nm-1 and a second
one at lower q values (0.02 nm-1). The experimental result has been fitted according to structural
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models. The signal at q = 0.3 nm-1 corresponds to a size of (4.0 ± 0.2) nm and is due to the
presence of free dendrimer G7.5 molecules not bound to the nano-assemblies. This is in good
agreement with the light scattering results: a fraction of the dendrimer molecules does not
aggregate and remains free in the bulk solution. The contribution at lower q values arises from
the self-assembled nanoparticle formed by TAPP and G7.5 dendrimer. It corresponds to a
cylinder with elliptical cross-section as shown in Figure 8b. The cross section has a semi-major
axes a = (65 ± 6) nm and a semi-minor axes b = (22 ± 3) nm. The length of the cylinder can be
calculated from the light scattering experiment and it results in l = 180 nm. The obtained value
has been used as parameter in the fit of the SANS curve. The obtained value has been used as
parameter in the fit of the SANS curve. This anisotropic shape of the assemblies is formed by a
network of TAPP molecules and dendrimers, as depicted in Figure 8b.

Figure 8. a) SANS curve (black) and cylinder fit (red) for TAPP-G7.5 dendrimer assemblies
with l = 0.05, c(TAPP) = 1.7 ·10-4 mol l-1; b) Schematic illustration of TAPP-G7.5 dendrimer
assemblies with dimensions according to SANS measurement.
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Internal Assembly Structure and Optical Properties
After analyzing the size as the overall shape of the TAPP-G.5 aggregates the internal structure
and arrangement of the porphyrins were investigated to understand the photocatalytic behavior
TAPP-G7.5 by UV/Vis spectroscopy and fluorescence spectroscopy. Here, the loading ratio of
samples with TAPP and G7.5 dendrimer is varied between a high excess of TAPP and a high
excess of dendrimer TAPP to determine the aggregation behavior, while the porphyrin
concentration c(TAPP) = 2.0 · 10-5 mol l-1 is kept constant. UV/Vis spectra of TAPP-G7.5
dendrimer assemblies at pH 11, which were further used as photocatalysts for dye degradation,
are shown in Figure 9.

Figure 9. UV/Vis spectra of TAPP-G7.5 dendrimer aggregates depending on the loading ratio l
with c(TAPP) = 2.0 · 10-5 mol l-1: a) Soret bands and b) shift of the Soret band and changes in
the extinction coefficient ε of the Soret band at pH 11.

Upon aggregation of porphyrins with G7.5 dendrimer the Soret band of TAPP shifts from
λ = 412 nm for pure TAPP in solution to λ = 418 nm at l ≤ 0.2. Other studies on porphyrins and
PAMAM dendrimers also observed a bathochromic shift of the Soret band.49,56–58,76 The shift
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occurs over a wide range of loading ratios (0.3 ≤ l ≤ 1.2) due to interaction of the porphyrin with
the dendrimer and the aggregation of TAPP in J-aggregates, which leads to a decrease in the
energy difference between the orbitals. A minimum of the extinction coefficient is found at
l = 1.0 indicating a transition point in the structure of TAPP G7.5 dendrimer. Around l ≈ 1.0,
which is also the loading ratio region in which smaller and denser TAPP-G7.5 soft nanoparticles
can be found, the signal broadens and a shoulder at higher energy can be attributed the formation
of H-aggregates. Moreover, the extinction coefficient ε is lowest (ε = 2.1 · 105 l mol-1 cm-1) for
the main absorption band since the Soret band splits into two bands, indicating the co-formation
of H-aggregates at higher energy and J-aggregates at lower energy. At l ≥ 1.2, the environment
of TAPP in the assemblies is comparable to the monomeric TAPP, that is, it binds
monomerically or a substantial amount of monomeric TAPP exists. Therefore, in the networks
less linking TAPP molecules are assembled to the dendrimers in comparison to l < 1, so that
there is less interaction between the building blocks resulting in a few large dendrimer-rich soft
nanoparticles. For higher amounts of dendrimer the binding equilibrium is shifted to the complex
formation; TAPP molecules assemble to G7.5 dendrimer and form a larger amount of TAPP
J-aggregates in the TAPP-dendrimer assemblies. Hence, this correlates with the larger number of
TAPP-dendrimer soft nanoparticles. UV/Vis spectra of TMPyP-G6.5 dendrimer, TMPyP-G7.5
dendrimer and TAPP-G6.5 dendrimer aggregates, which are not shown here, show a similar
behavior.
The aggregation of the porphyrins can be confirmed by 1H - NMR since aromatic-aromatic
interactions can be studied with this technique.48,77–82 The broadening of the peaks and the
decrease in intensity prove the aggregation in presence of G7.5 dendrimer. Due to the stacking of
the porphyrin molecules within of the TAPP-G7.5 dendrimer aggregates the mobility of the
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protons is reduced, so that the NMR signals broaden and the single peak doublets cannot be
distinguished whereas the high concentration of TAPP (c(TAPP) = 4 · 104 mol l-1) does not lead
to self-association in D2O as the 1H – NMR spectrum in Figure 10 shows.43 The downfield shift
of TAPP-dendrimer assemblies at l = 0.05 results from the interaction of TAPP and G7.5
dendrimer but band broadening and low signal intensity do not allow a reliable analysis.
However, the redshift observed in UV/Vis spectroscopy for l = 0.05 in combination with the
NMR experiment leads to the conclusion that J-aggregates are formed.

Figure 10. Comparison of porphyrin 1H-NMR signals: black: TAPP; red: TAPP-dendrimer
assemblies with l = 0.05; both c(TAPP) = 4 · 10-4 mol l-1; the two duplets represent the protons in
ortho- and para-position of the benzene ring and the broad downfield signal can be assigned to
the eight β-pyrroles’ protons of the porphyrin.

As aggregation is confirmed, the optical properties of the assemblies, which are in particular
determined by the arrangement of TAPP within the aggregates, are investigated by fluorescence
spectroscopy. All TAPP G7.5 dendrimer samples show a higher fluorescence than pure TAPP
(Figure 11), which hardly fluoresces.
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Figure 11. a) Fluorescence spectra of TAPP and TAPP-G7.5 dendrimer aggregates in aqueous
solution with c(TAPP) = 2.0 · 10-5 mol l-1 and varying loading ratio; l ≈ 0.004 correspond to a
1:1 ratio of TAPP and G7.5 dendrimer; b) Area of the fluorescence peak at 574 nm ≤ λ ≤ 800 nm
depending on the loading ratio l; the blue line represents the fluorescence of TAPP; c) Left:
TAPP-dendrimer assemblies with l = 0.05, right: TAPP-dendrimer assemblies with l = 1.6, both
under exposure to UV-light.

All TAPP-G7.5 dendrimer samples show a higher fluorescence than pure TAPP, which hardly
fluoresces. At a high concentration of G7.5 dendrimer the aggregates feature a very strong
fluorescence in contrast to other previously investigated porphyrin-dendrimer assemblies where
fluorescence is quenched with increasing amount of dendrimer.49,59 According to literature,
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porphyrin J-aggregates exhibit higher fluorescence than H-aggregates.42,61 The fluorescence
increases also due to the restriction of the porphyrins’ motion in the assembly and a decrease in
the number of the surrounding solvent molecules.83–85 The large number of smaller TAPPdendrimer aggregates, which is evident from DLS experiments, lead to a higher amount or larger
J-aggregates, which yield the high fluorescence. In contrast to the TMPyP-G4.5 dendrimer
aggregates analyzed by Costa et al., no evidence of electron transfer is found.49 Here, aggregates
with 1.0 ≤ l ≤ 2.0 yield higher fluorescence than TAPP only due to the formation of network-like
supramolecular structures with the dendrimer. In contrast, by adding more G7.5 and reaching a
loading ratio of 0.5 ≤ l ≤ 1.0 corresponding to the region where a blue shifted shoulder appears in
the UV/Vis spectra, the fluorescence intensity decreases and is slightly Stokes-shifted. This is
due to an increasing amount of porphyrin H-aggregates. The arrangement of porphyrins into
H-aggregates results in a dipolar coupling which quenches the fluorescence to the lower energy
level and a subsequent forbidden transition to the ground state occurs due to a rapid internal
conversion. Upon splitting, the energy of the singlet excited state is higher than that of the triplet
excited state; this leads to a relaxation of the excited electron in the excited singlet by rapid
internal conversion or by intersystem crossing to the excited triplet state followed by internal
conversion to the ground state, so that the aggregates do not fluoresce.42,60 In contrast,
J-aggregates have a smaller HOMO-LUMO gap leading to a higher quantum yield and a redshift
not only in the UV/Vis spectra but also in the fluorescence spectra.60 The high quantum yield of
TAPP-G7.5 at l = 0.05 makes these assemblies promising photocatalysts for solar energy
conversion, possibly with outstanding properties as light-harvesting systems. The high
fluorescence may lead to a higher production of 1O2 which can increase the catalytic activity.

22

Assembly Architecture and pH-switchability
Based on these results three different types of TAPP-G7.5 dendrimer aggregates occurring at
l = 0.05, l = 1.0 and l = 1.6 can be distinguished, as illustrated in Scheme 2.

Scheme 2. Schematic illustration of a TAPP-G7.5 dendrimer aggregates with l = 0.05, l = 1.0
and l = 1.6; red: TAPP porphyrin molecules, blue: G7.5 dendrimers.
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Aggregates with l = 0.05 (A) have a diameter of 180 nm according to the light scattering
measurements. Their effective surface potential is highly negative due to the excess of G7.5.
TAPP molecules are arranged in J-aggregates in the self-assembled particles which are
responsible for the high fluorescence. Due to charge neutralization, the TAPP-dendrimer
aggregates with l = 1.0 are contracted and have a smaller diameter of just 100 nm (B). Moreover,
within of the TAPP-G7.5 dendrimer aggregates, the TAPP molecules form H-aggregates stacked
in parallel. Although the overall amount of positive and negative charges in the system is equal,
the aggregates possess a negative effective surface charge, which is less expressed than the one
for l = 0.05. TAPP-dendrimer aggregates with l = 1.6 are assembled into larger supramolecular
structures with a diameter of 400 nm to 600 nm in a network-like microgel structure with a dense
core (C). The aggregates have small amounts of J-aggregates or less extended J-aggregates.
Moreover, there are free TAPP molecules in solution. Although the positively charged TAPP is
available in excess, the particles contain slightly more G7.5 molecules than TAPP, which leads
to a small negative effective surface charge.
To elucidate whether electrostatic interactions are responsible for the redshift in absorption
spectra and consequently for the aggregation of TAPP and dendrimer, the pH for a sample with
l = 0.05 has been altered multiple times between pH 2 and pH 11. The results from UV/Vis
spectroscopy are depicted in Figure 12.
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Figure 12. Behavior of TAPP-G7.5 dendrimer aggregates (c(TAPP) = 2.0 · 10-5 mol l-1,
l = 0.05) upon pH-switching; changes of the Soret band with pH changing.

The pH responsive behavior of the aggregates is related to the varying number of charges
available on the periphery of G7.5 dendrimer. Although it is expected from titration curves that
the carboxylic groups of the dendrimer at pH 7 are still fully negatively charged, a small blue
shift compared to pH 11 can be observed, indicating that not all 1024 negative charges are
available for binding. At pH 4, all carboxylic groups and amino groups - except the amino
groups in the core - are protonated, i.e. the carboxylate groups are no longer negatively charged
and cationic TAPP does not assemble with the G7.5 dendrimer and no aggregates are formed.
This proves that the electrostatic interactions between porphyrin and PAMAM dendrimer are
essential for self-assembly and moreover, that the TAPP-G7.5 dendrimer aggregation is pH
switchable. Scheme 3 depicts the formation of TAPP-G7.5 dendrimer aggregates at pH 11.
Turning on and off the formation of nanoparticles by a simple pH switch can be useful for
applications such as drug delivery.
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Scheme 3. a) Schematic illustration of TAPP-G7.5 dendrimer assembly formation; b) TAPP
solution with c(TAPP) = 2.0 · 10-5 mol l-1 before (left) and after (right) adding G7.5 showing
changing color due to a shift of the Soret band.

Photocatalytic Activity
As supramolecular porphyrin-structures, and particularly the TAPP-dendrimer assemblies
investigated here, show great potential for applications in the field of solar energy conversion,
their photocatalytic activity is tested by using the degradation of the anionic dye methyl orang as
a model reaction. Methyl orange is neither decomposed in aqueous solution using dendrimer
only nor self-degraded upon visible light irradiation.
The dye degradation follows the reaction scheme:10

Scheme 4. Irradiated porphyrin generates singlet oxygen that can decompose dyes.
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Figure 13. a) UV/Vis spectra of the photocatalytic degradation of methyl orange with
TAPP-G7.5

dendrimer

assemblies

with

l = 0.05

(c(methyl

orange) = 4.0 · 10-5 mol l-1,

c(TAPP) = 5.0 · 10-6 mol l-1); b) decrease of the methyl orange concentration measured at
λ = 464 nm for TAPP-G7.5 dendrimer aggregates with different loading ratios and TAPP only
upon irradiation with visible light; c) degradation of methyl orange with a higher catalyst
concentration; for l = 0.05 at c(TAPP) = 2.0 · 10-5 mol l-1; different addition order of the building
blocks in sample preparation for the sample a and b; sample A: TAPP, G7.5, methyl orange;
sample B: G7.5, methyl orange, TAPP; d) degradation of methyl orange with higher catalyst
concentration and l = 0.05 (c(TAPP) = 2.0 · 10-5 mol l-1); blue: data points, red: fit to first order
reaction kinetics.
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The degradation process of methyl orange occuring upon irradiation with visible light is
monitored at λ = 464 nm, as shown in Figure 13 a) for TAPP-G7.5 dendrimer aggregates with
l = 0.05. Upon dye addition, the Soret band of TAPP shifts from λ = 412 nm to λ = 413 nm,
which indicates that the cationic porphyrin-dendrimer aggregate associates with the anionic
methyl orange based on electrostatic interaction. Figure 13 b shows the photocatalytic activity of
the porphyrin-dendrimer assemblies with different loading ratios. Assemblies with l = 0.05 have
the highest photocactalytic actvitiy, where aggregates with l = 1.0 and l = 1.6 show a lower
catalytic activity than TAPP only. TAPP-dendrimer aggregates with l = 0.05 revealed most
expressed photocatalytic activity for methyl orange degradation likely due to larger surface of
the higher number of aggregates, which has been revealed by DLS experiments, and due to the
arrangement of TAPP molecules into J-aggregates within the self-assembled soft nanoparticles,
leading to high fluorescence quantum yields. In contrast, aggregates with l = 1.0 and l = 1.6
exhibit decreased photocatalytic activity, which is even poorer than for TAPP only. Although
both loading ratios feature a higher fluorescence than TAPP only, the porphyrin is stacked in
H-aggregates which are decreasing the production of 1O2.86 The difference in catalytic activity of
aggregates with l = 1.0 and aggregates with l = 1.6 can also be understood by taking the
assembly size into account and the short 1O2 life time, it is likely that the formed 1O2 is quenched
and cannot reach methyl orange molecules as easily as in pure TAPP within its diffusion length
and the resulting catalytic activity is lower. Increasing the concentration of the photocatalyst
improves the photocatalytic behavior. TAPP-dendrimer aggregates of higher concentration
decompose 85% of methyl orange during 150 min, whereas at lower concentration only 56% dye
is degraded. Further, the order of addition of the building blocks including methyl orange does
not influence the photocatalytic activity as they do not influence the crucial structure. Therefore,
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the interactions of dendrimer and TAPP determine the photocatalytic behavior. The UV/Vis
analysis of the methyl orange degradation follows first order kinetics for all loading ratios of
TAPP-dendrimer aggregates and TAPP in solution. Exemplarily the scenario for l = 0.05, which
has a reaction rate of k = 0.78 1/s, is depicted in Figure 13c. Analysis of light scattering data of
aggregates with l = 0.05 revealed an increasing particle size from RH = 120 nm to
RH = 250 - 350 nm once the anionic dye methyl orange is added for photocatalytic
measurements. This size increase can be attributed to π-π and electrostatic interactions of the
cationic TAPP in the TAPP-dendrimer aggregates and the added anionic methyl orange
molecules, causing further interconnection. After dye degradation, the size of the paricles
decreased again to RH = 155 nm, which is slightly larger than the size before the methyl orange
addition as methyl orange is not decomposed completely. This proves that the TAPP-dendrimer
soft nanoparticles stay intact after the catalytic reaction.

CONCLUSION
This study has shown that the method of electrostatic self-assembly can be effectively used to
form well-defined functional porphyrin-dendrimer aggregates from cationic porphyrins and
anionic dendrimers in solution at basic pH. TAPP-G7.5 dendrimer assemblies were investigated
at different loading ratios, resulting in aggregates of different size and shape. All samples show
negative ζ-potentials, which become less negative with an excess of porphyrin. Further,
TAPP-dendrimer aggregate formation can be switched on and off by changing the pH as the
main driving force for the self-assembly are electrostatic interactions, which are absent at lower
pH due to protonation of the dendrimer. UV/Vis and NMR spectroscopy revealed the formation
of porphyrin aggregates and the stacking of the porphyrins within the particles. Fluorescence
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spectroscopy showed that the arrangement of TAPP in the particles changes with the loading
ratio: for l = 1.0, TAPP is arranged in H-aggregates, whereas for l = 0.05, TAPP forms
J-aggregates. These J-aggregates show high quantum yield and provide higher incident photonto-photocurrent generation efficiency due to the stabilization of the excited state.
The photocatalytic behavior of these self-assembled porphyrin-dendrimer aggregates was tested
using a photoinduced dye degradation as a model reaction. Upon visible light irradiation,
porphyrins generate singlet oxygen which decomposes dyes. TAPP-dendrimer aggregates with
l = 0.05 exhibit a 1.5-times higher catalytic activity for the degradation of the anionic dye methyl
orange than the corresponding porphyrin only due to the arrangement in porphyrin-J-aggregates
within the assemblies. The J-aggregates generate a higher amount of singlet oxygen compared to
the H-aggregates formed in TAPP-G7.5 aggregates with l = 1.0 and l = 1.6. These properties
make porphyrin-dendrimer aggregates with low loading ratio excellent light harvesting systems
for solar energy conversion. Due to the increased fluorescence of the porphyrin in the aggregates
together with the possibility to controlled the size and form of the porphyrin-dendrimer
aggregates by the loading ratio, such systems can be used in photodynamic therapy and
biological imaging.
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Chapter 6 Ongoing Collaborations
The structural characterization techniques used in this work have been applied
successfully to different nanosystems. Ongoing studies not yet published are
reported in this chapter.

6.1

Supramolecular Structures from a Switchable Zwitterion-Based Amphiphile

One of the side projects concerned the characterization of a new low molecular weight amphiphile with an ionic head and aromatic tail group. Recently,
the group of Prof. C. Schmuck has developed a small zwitterion that is selfcomplementary and forms highly stable dimers in polar solvents. This molecule
has been combined with a nonpolar tail group to form pH-switchable zwitterionic amphiphiles. In this system, the head group will mainly interact with neighbouring molecules via electrostatic interactions, while the tails can interact by a
combination of mostly π-π and hydrophobic interactions. To gain insights into
the assemblies size and shape directly in solution SANS was performed in parallel to light scattering measurements done by Anne Kutz. This technique accesses
informations on both the overall assembly shape and its internal structures. The
charge of the head is strongly pH dependent: for pH < 5 the overall charge of
the head is positive, at pH = 7 the head charge is neutral overall but zwitterionic, finally at pH > 8 the overall charge of the head is negative. The effects of
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the different protonation states on the nano-assembly shape have been investigated comparing samples at pH = 2.5, pH = 6.5 and pH = 9 in D2O. Results are
reported in Figure 6.1. The data have been analysed with the Guinier approximation for elongated objects (Figure 6.2).

Figure 6.1: SANS for the amphiphile at pH

Figure 6.2: Guinier

approximation
objects

for

for

2.5 (black), pH 6.5 (red) and

elongated

the

pH 9 (green).

amphiphile at pH 6.5 in D2O.

Further, for all protonation states the SANS data were fitted according to the
structural model for cylinders. All the fits show that the cylinder internal moieties are not hollow as in the case of vesicular aggregates, which is in agreement
with AFM results. At pH = 9 the cross-section radius is R = (20 ± 2) nm and the
length is L = (270 ± 10) nm, while in zwitterionic state at pH = 6.5 the radius
is R = (26 ± 2) nm and length L = (300 ± 10) nm. For the cationic amphiphile
at pH = 2.5 the radius is R = (32 ± 2) nm and the length is L = (580 ± 30) nm.
Evidently, the nanoparticles become larger as the pH decreases: the cross-section
radius increases from 20 nm at pH = 9 to 32 nm at pH = 2.5, while the length almost doubles. Due to the dependence of the radius on the pH, we conclude that
the radial construction must be linked to the polarity or rather the interaction of
the polar head group with the solvent. The largest assemblies were found under
acidic conditions leading to the conclusion that the amphiphile is less polar at
this protonation state. This causes the aggregation in radial and even in lateral
direction to increase. In addition, a Guinier approach was used to study how
the nanoassemblies are structured internally. For the assemblies in D2O at pH =
6.5, the Guinier analysis at smaller size scales showed the presence of cylinders
with a cross-section radius of gyration of Rgc = (8 ± 2) nm. This suggests that
the large fibres are composed of cylindrical subunits with smaller diameter. Since
the diameter of the overall cylinders is 52 nm, three smaller cylinders at least are

Chapter 6.

Ongoing Collaborations

205

required to form the larger cylinder. Given that the overall structure is cylindrical
a trimeric packing of the smallest aggregates fits best (Figure 6.3). For the other
protonation states we also studied the aggregates using the Guinier approach.
In both cases, the nanoparticles are again composed of smaller cylinders with a
cross-section radius of gyration of Rgc = (9 ± 1) nm. This indicates that the cylindrical aggregates at basic and acidic pH are composed of comparable cylindrical
building blocks.

Figure 6.3: Structural model based on SANS results to describe the assembly formation for pH
6.5 in D2O.

Due to the dependence between size and pH we assume a lateral growth of the
assemblies resulting from the hydrophobic effect or π-π interaction. To verify
this hypothesis the effect of the solvent on the aggregates was studied. If the assumption is correct, we would expect a reduction of the lateral length and more
or less a constant radial size with reducing solvent polarity. The effects of the
solvent were analyzed using D2O, CD3OD and DMSO d6. The experimental results are reported in Figure 6.4. The scattering curves for the samples in D2O and
CD3OD are almost identical, while the one in DMSO d6 differs. The intensity
of the latter is significantly lower than the others. This can be due to a different
contrast between the solvent and the nano-aggregates or a difference in dimensions. The molecules in D2O at pH 6.5 aggregate into cylindrical nanoparticles
with Rgc = (24 ± 1) nm and LGui = (300 ± 10) nm, while in CD3OD formation of
cylinders with Rgc = (24 ± 1) nm and length LGui = (240 ± 20) nm is observed.
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Hence, the shape and radius of the fibres remain unchanged in the different solvents, but their length is significantly larger in D2O. This is in good agreement
with the aggregation model suggested above. While the molecular dimensions
of the building unit are the same in the different solvents, the hydrophobic effect is much more expressed in the aqueous solution. Thus, the larger length in
D2O is consistent with the hypothesis that the tail hydrophobicity determines the
cylinder length.

Figure 6.4: SANS curves for the amphiphile assembly at pH 6.5 in D2O (black), DMSO-d6
(green) and CD3OD (red).

6.2

Polyoxometalate-Dendrimer Assemblies for Catalysis

Another collaboration involved nanomaterials for photocatalysis. These materials are of great importance for the development of novel concepts for solar energy conversion. These systems are inspired by natural ones where solar energy is exploited in photosynthesis through catalysis by small species inside a
larger non-covalent assembly. Hydrogen-bridged associates are often unstable
in polar solutions or require the complex synthesis of specific architectures and
binding motifs. Hence, the concept of electrostatic self-assembly to interconnect
macroions and oppositely charged catalytically active species into supramolecular nanostructures is highly promising. The possibility to increase the catalytic
activity of a representative Keggin-type tungsten oxide cluster in aqueous solution and modify its selectivity through self-assembly with a macroion has been
proven. Moreover, the type of the underlying assembly represents a novel type
of electrostatic self-assembly to form stable nanoscale structures in solution. This
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system was mainly investigated by Anne Kutz; my contribution has been the
structural characterisation of photocatalytically active self-assembled nanostructure in aqueous solution consisting of ionic polyoxometalate clusters and oppositely charged ionic dendrimers. SANS and light scattering measurements have
revealed that finite nanoparticles form when POM is combined with dendrimers
due to ionic interaction (Figure 6.5). The structure of the assemblies is a wormlike Gaussian coil with diameter of 6.2 nm. This thickness is consistent with the
generation 4 dendrimers of 4.5 nm diameter with POM clusters of about 1.2 nm
size attached and slightly penetrating the dendrimer on both sides. In addition,
POM clusters must of course be located in-between dendrimers serving as ionic
connectors.

Figure 6.5: Static light scattering and SANS data of POM-dendrimer assemblies with l = 0.7 and
c(dendrimer) = 0.5 g L-1; symbols: data points, black line at high q: flexible cylinder.
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G. Mariani, R. Schweins, F. Gröhn, J. Phys. Chem. B, 2016, 120, 1380-1389;

3. Ionic dye-surfactant nanoassemblies: interplay of electrostatics, hydrophobic effect, and π-π stacking
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Chapter 8 Conference Contributions
• International conference on neutron scattering, Edinburgh, July 2013. Poster:
Electrostatic self-assembly investigated by time-resolved SANS.
• Italian society for neutron scattering annual meeting , Milan, September 2013.
Talk: Supramolecular dendrimer-dye self-assembly.
• International soft Matter conference 2013, Rome, September 2013. Poster: Electrostatic self-assembly investigated by time-resolved SANS.
• Institut Laue-Langevin annual science outing, Villard de Lans, October 2013.
Talk: Supramolecular dendrimer-dye self-assembly.
• Macromolecular colloquium, Freiburg, February 2015. Poster: Encoding the
shape of nano-assemblies through molecular building blocks: thermodynamics as key to a fundamental understanding of structure directing
effects.
• Gordon research conference on neutron scattering, Hong Kong, June 2015. Poster:
Unveiling the electrostatic self-assembly: thermodynamics as a key to
fundamental understanding of structure-directing effects.
• Neutron scattering on nano-structured soft matter: synthetic- and bio-Materials,
Tutzing, October 2015. Talk: Unveiling electrostatic self-assembly: thermodynamics as a key to fundamental understanding of structure-directing
effects.
211

212

Chapter 9 Curriculum Vitae
Personal data:
Giacomo Mariani
Birth Date and Place: 13/01/1986, Senigallia, Italy
Citizenship: Italian
Higher Education:
PhD Studies in Chemistry
Interdisciplinary Center for Molecular Materials
Department Chemistry and Pharmacy
Friedrich-Alexander-Universität Erlangen-Nürnberg

2011-2016

Supervisor: Prof. Dr. Franziska Gröhn
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[111] J. S. Melinger, V. D. Kleiman, D. McMorrow, F. Gröhn, B. J. Bauer, and E. Amis, “Ultrafast dynamics of gold-based nanocomposite materials,” The Journal of Physical Chemistry A,
vol. 107, no. 18, pp. 3424–3431, 2003.
[112] E. J. W. Verwey and J. T. G. Overbeek, Theory of the stability of lyophobic colloids. Courier
Corporation, 1999.
[113] K. S. Schmitz, Macroions in Solution and Colloidal Suspension. VCH Publishers: New York,
1993.
[114] H. Hamaker, “The london—van der waals attraction between spherical particles,” Physica,
vol. 4, no. 10, pp. 1058 – 1072, 1937.
[115] D. H. Everett, Basic Principles of Colloid Science. RSC Paperbacks, The Royal Society of Chemistry, 1988.
[116] R. Messina, C. Holm, and K. Kremer, “Strong attraction between charged spheres due to
metastable ionized states,” Phys. Rev. Lett., vol. 85, pp. 872–875, 2000.
[117] Y. Zhang, J. F. Douglas, B. D. Ermi, and E. J. Amis, “Influence of counterion valency on the
scattering properties of highly charged polyelectrolyte solutions,” The Journal of Chemical
Physics, vol. 114, no. 7, pp. 3299–3313, 2001.
[118] A. Kose, M. Ozaki, K. Takano, Y. Kobayashi, and S. Hachisu, “Direct observation of ordered
latex suspension by metallurgical microscope,” Journal of Colloid and Interface Science, vol. 44,
no. 2, pp. 330–338, 1973.

224
[119] N. Ise, K. Ito, T. Okubo, S. Dosho, and I. Sogami, “”ordered” structure in dilute suspensions of highly charged polymer lattices as studied by microscopy. 2. the influence of ionic
strength, dielectric constant, temperature, and viscosity,” Journal of the American Chemical
Society, vol. 107, no. 26, pp. 8074–8077, 1985.
[120] K. Ito, H. Okumura, H. Yoshida, Y. Ueno, and N. Ise, “Two-dimensional fourier analysis and
quasielastic light-scattering measurements of colloid crystals,” Physical Review B, vol. 38,
no. 15, pp. 10852–10859, 1988.
[121] K. Ito, H. Yoshida, and N. Ise, “Void structure in colloidal dispersions,” Science, vol. 263,
no. 5143, pp. 66–68, 1994.
[122] I. Sogami and N. Ise, “On the electrostatic interaction in macroionic solutions,” The Journal
of Chemical Physics, vol. 81, no. 12, pp. 6320–6332, 1984.
[123] M. Tokuyama, “Theory of slow dynamics in highly charged colloidal suspensions,” Physical
Review E, vol. 58, no. 3, pp. R2729–R2732, 1998.
[124] M. Tokuyama, “Effective forces between macroions in highly charged colloidal suspensions,” Physical Review E, vol. 59, no. 3, pp. R2550–R2553, 1999.
[125] S.-C. Lin, W. I. Lee, and J. M. Schurr, “Brownian motion of highly charged poly(l-lysine).
effects of salt and polyion concentration,” Biopolymers, vol. 17, no. 4, pp. 1041–1064, 1978.
[126] P. Mathiez, G. Weisbuch, and C. Mouttet, “Inelastic light-scattering study of polyadenilic
acid,” Biopolymers, vol. 18, no. 6, pp. 1465–1478, 1979.
[127] J. P. Wilcoxon and J. M. Schurr, “Electrophoretic light scattering studies of poly(l Äêlysine)
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